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INTRODUCTION 


The  sol-gel  process  is  a  relatively  new  technique  for  the  preparation  and  fabrica¬ 
tion  of  inorganic  oxides  of  extremely  high  purity  and  homogeneity.  In  recent 
years,  it  has  been  convincingly  demonstrated  that  this  prc:)cess  is  ideally  suited  for 
optical  materials  in  the  forms  of  thin  films,  bulk  solids,  and  fibers.  Many  of  these 
materials  are  discussed  in  this  proceedings.  Examples  include  optically  trans¬ 
parent  thin  ferroelectric  films  of  extremely  good  quality,  almost  as  good  as  single 
crystals  and  dense  silica  glasses,  which  have  better  transmission  from  the  ultra¬ 
violet  to  the  infrared  than  similar  materials  made  by  conventional  methods.  The 
exploitation  of  the  sol-gel  technique  to  fabricate  gradient  refractive  index  lenses 
has  been  successfully  developed  to  the  pilot  plant  stage.  There  is  a  good  possibility 
that  in  the  near  future,  lenses  for  microscopes  and  cameras  will  be  fabricated  by 
this  method. 

The  sol-gel  method  also  lends  itself  to  the  fabrication  of  new  composites,  espe¬ 
cially  those  that  are  optically  transparent  and  have  high  third-order  nonlinear 
indices.  This  proceedings  includes  reports  on  the  attempts  to  fabricate 
semiconductor-in-glass  quantum-well  confinement  lenses.  The  successful  pre¬ 
paration  of  organic  dyes-in-oxides  laser  elements  is  discussed,  as  well  as  research 
on  the  fabrication  of  grooved  glass  discs  through  the  mechanical  patterning  of  the 
soft  gels. 

This  prcKeedings  is  the  first  on  sol-gel  optics.  From  the  high  level  of  research 
activities  and  the  proven  successes  of  applications,  there  is  little  doubt  that  other 
proceedings  will  follow.  We  hope  the  reader  will  not  only  be  impressed  by  the 
range  of  re-search  and  potentials  of  sol-gel  optics,  hut  will  seriously  follow  its 
future  progress.  The  session  chairs  and  the  participants  have  interacted  well  with 
the  authors  to  make  this  first  Sol-Gel  Optics  Conference  a  great  success.  We  are 
also  grateful  to  the  Air  Force  Office  of  Scientific  Research,  Directorate  of 
Chemical  and  Atmospheric  Sciences,  for  the  travel  support  tor  some  of  our 
invited  foreign  speakers. 

John  D.  Mackenzie 

University  of  California/ Los  Angeles 

Donald  R.  Ulrich 

Air  Force  Office  of  Scientific  Research 
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OVERVIEW  PAPER 


Overview  Paper 


Sol-gel  optics,  present  status  and  future  trends 
John  D.  Mackenzie 

Department  of  Materials  Science  and  Engineering 
University  of  California,  Los  Angeles,  CA  90024-1595 

and 


Donald  R.  Ulrich 

U.S.  Air  Force  Office  of  Scientific  Research 
Bolling  Air  Force  Base,  Washington,  D.C.  20332-6448 


Abstract 

The  sol-gel  process  is  based  on  the  mixing  of  liquid  reactants  on  a  molecular  scale  and  the 
subsequent  solidification  of  the  solution  into  a  porous  amorphous  oxide  gel.  The  porous  gel  is  then  heated 
to  give  glasses  or  polycrystalline  solids.  Additives  can  be  made  to  the  liquid  mixture  to  give  composites. 
Many  new  optical  materials  have  been  prepared  by  the  sol-gel  technique  in  t'.e  past  five  years.  The  present 
status  of  the  scientific  understanding  of  the  process  is  summarized  and  examples  presented  of  different 
types  of  materials  successfully  developed  for  optical  applications.  The  enormous  potentials  of  the  process 
are  not  fully  exploited  at  present.  Sol-gel  optics  promises  to  be  a  growing  field  of  science  and  technology. 

1.  INTRODUCTION 

There  are  many  factors  which  contribute  to  the  successful  development  of  devices  for  optical 
applications.  For  instance,  the  exploitation  of  new  or  old  principles  of  physics,  the  innovativeness  of 
design  and  the  relative  ease  and  economics  of  manufacturing.  Of  equal  imponance  is  the  availability  of 
new  or  improved  materials  and  the  relative  ease  of  fabrication  of  such  materials  into  the  desired  shapes  and 
configurations.  The  sol-gel  process  is  not  only  concerned  with  the  fabrication  of  optical  materials  but  it 
can  also  lead  to  the  preparation  of  new  and/or  improved  optical  materials.  In  the  past  five  years  many 
advances  have  been  made  in  the  research  and  development  of  optical  materials  derived  from  the  sol-gel 
process.  Some  of  these  materials  have  been  successfully  utilized  in  optical  components  and  devices.  The 
primary  purpose  of  this  paper  is  to  present  an  overview  of  the  topic  of  sol-gel  optics,  addressing  in 
particular  the  present  status  and  future  trends.  However,  in  order  to  enhance  the  future  exploitation  of  the 
sol-gel  process,  it  is  essential  that  a  critical  summary  be  made  regarding  both  the  advantages  and 
limitations  of  the  process  itself. 


2.  THE  SOL-GEL  PROCESS 

The  sol-gel  process  is  by  no  means  a  new  method  for  the  preparation  of  materials.  As  early  as 
1864,  Thomas  Graham  had  prepared  gels  of  silica.*  The  word  "sol"  implies  a  dispersion  of  colloidal 
particles  in  a  liquid.^  Colloids  are  in  turn  described  as  solid  particles  with  dimensions  in  the  range  of  10  to 
lOOOA,  each  containing  10^  to  10^  atoms.  When  the  viscosity  of  a  sol  increases  sufficiently,  usually 
throughout  the  partical  loss  of  its  liquid  phase  and/or  polymerization  of  the  solid  paritcles,  it  becomes  a 
porous  solid  body  which  is  now  termed  a  "gel".  These  definitions  are  obviously  not  rigorous.  For 
approximately  100  years,  the  potentials  of  the  sol-gel  process  were  not  well  appreciated.  Prior  to  1979,  by 
far  the  majority  of  materials  prepared  via  this  process  were  silica  and  silicates.  Excellent  reviews  of  these 
materials  are  available  in  tow  books.^’"*  At  approximately  1980,  the  sol-gel  process  was  "re-discovered". 
Since  that  time,  a  great  deal  of  scientific  knowledge  have  been  generated  and  many  other  materials  have 
been  prepared.  Scientific  advances  in  the  last  decade  are  treated  in  a  recent  publication.^ 
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2-1  Basic  Principles 


Because  the  overwhelming  majority  of  published  research  has  been  on  silica,  it  is  convenient  to  use 
Si02  as  an  example.  The  sol-gel  process,  in  the  most  simplistic  terms,  is  represented  by  the  following 
reactions: 
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In  (1),  a  silicon  alkoxide  such  as  tetraethoxy  silane  (TEOS),  usually  dissolved  in  a  alcoholic  solution,  is 
hydrolyzed.  In  (2),  the  alkoxy  group  of  one  TEOS  molecule  reacts  with  the  OH  group  of  an  adjacent 
molecule  to  form  an  Si-O-Si  bond.  If  this  process  repeats  itself,  then  more  and  more  Si-O-Si  bonds  are 
formed.  As  polymerization  continues,  the  viscosity  of  the  solution  increases  until  a  solid  gel  is  formed. 
One  major  advantage  of  this  process  is  the  formation  of  the  Si-O-Si  bond  at  room  temperature  in  a  liquid 
solution.  The  silicon  can  be  replaced  by  another  element  M  such  as  Ti  or  Zr.  Thus  Ti02  and  Zr02  gels 
can  be  prepared.  Indeed,  if  two  alkoxides  are  used  such  that  M  is  Ti  and  N  is  Ba,  them  a  BaTiOs  gel  is 
formed.  Ideally,  any  metal  alkoxides  can  be  employed  and  any  number  of  alkoxides  can  be  mixed  to  form 
a  homogeneous  solution.  Thus,  theoretically,  any  oxide  glass  composition  or  any  crystalline  oxide  can  be 
prepared  in  the  gel  form.  However,  when  two  or  more  alkoxides  are  in  solution,  frequently  do  not  react  to 
form  ideal  gels  as  depicted  by  (1)  and  (2)  above^.  For  instance,  one  alkoxide  may  hydrolyse  very 
differently  from  another  and  self  polymerization  may  occur.  Alternately,  "complexes"  may  form  in 
solution  prior  to  hydrolysis  and  condensation.  With  the  exception  of  silicon  alkoxides,  the  knowledge 
needed  to  control  the  reactions  of  multicomponent  gel  systems  is  lacking  and  therefore  it  is  not  possible  to 
predict  if  homogeneous  ideal  gels  can  be  prepared.  Indeed,  even  for  a  single  component  system  like  Si02 
there  are  many  interdependent  factors  which  can  influence  the  structure  and  microsctructure  of  the  gel  and 
hence  the  structure  and  properties  of  the  final  oxide  product.  These  include  the  particular  alkoxide  used 
(e.g.  methoxide  vs  ethoxide),  its  concentration  in  the  solution,  the  catalyst  used,  the  pH,  the  temperature, 
concentration  of  water,  the  particular  solvent  and  other  additives.^ 


It  is  possible  to  use  other  starting  materials  than  alkoxides.  For  instance,  in  the  literature  there  are 
numerous  examples  of  the  use  of  acetates,  nitrates  and  other  precursors.  However,  frequently  a  metal 
oxygen  bond  is  not  formed  at  the  solution  stage  and  thus  the  ultrahomogeneity  offered  by  alkoxides  is  not 
attained.  After  the  gel  is  formed,  it  is  usually  porous  and  contains  liquids  in  the  interconnecting  pores. 
The  liquids  must  be  removed  and  them  the  porous  amorphous  oxide  (xerogel)  must  be  heated  to  remove 
the  pores.  The  behavior  of  gels  during  this  heat-treatment  is  fundamentally  different  for  two  general 
families  of  materials  because  of  the  structure  of  the  metal-oxygen  polyhedra.^  One  family  (A)  is  prone  to 
crystallize  at  relatively  low  temperatures,  much  lower  that  0.5  Tm-  The  other  family  (B)  will  lose  porosity 
and  densify  to  a  glass-like  solid  at  temperatures  higher  than  Tm-  The  behavior  of  gels  is  thus  somewhat 
similar  to  that  of  molten  oxides  when  they  are  cooled  from  the  melt  as  described  by  Zachariasen  rules^  for 
glass  formation.  Examples  of  these  two  families  are  shown  in  Table  1. 
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Table  1.  Crystallization  Behavior  of  Two  Types  of  Porous  Oxide  Gels 


System 


Crystallization  0.5Tl 

Temp.,  Tc  (“K) 


Type  A 

AI2O3 

748 

1162 

Ti02 

473 

1072 

Z1O2 

773 

1497 

Ta205 

623 

1062 

Type  B 

Si02 

1643 

1000 

Ge02 

968 

695 

20B203-80Si02 

1273 

662 

15P205-85Si02 

1253 

652 

2-2  The  Ormosils 

The  reactions  between  two  metal  alkoxides  to  form  an  oxide  gel  are  represented  by  the  simplified 
eqs.  (1)  and  (2).  This  leads  to  the  formation  of  a  three-dimensional  oxide  structure  which  is  both  weak 
and  brittle.  However,  if  organic  groups  are  present  in  the  oxide  network  which  do  not  contribute  to  cross- 
linking,  then  the  brittleness  of  the  resultant  gel  is  decreased.  Such  materials  are  known  as  "ormosils" 
(organically  modified  silicates),  "ormocers"  (organically  modified  ceramics)  or  "ceramer"  (ceramic- 
polymer). If  polydimethylsiloxane  (PDMS)  are  react^  with  TEOS,  the  reaction  product  would  be: 
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Because  the  Me  groups  do  not  contribute  to  cross-linking,  rotational  motion  can  occur  within  the  siloxane 
unit  and  between  the  siloxane  unit  and  the  silicon-oxygen  network.  These  organic  inorganic  polymers  are 
somewhat  similar  to  the  silicones  but  contain  more  inorganic  constituents.  They  can  be  made  into  highly 
transparent  optical  lenses.  As  for  the  oxide  gels,  organic  dyes  can  also  be  incorporated  into  the  ormosils 
to  form  optically  active  composites. ^3  Recently,  ormosils  which  exhibited  even  rubbery  behavior  have 
been  reported.  As  for  the  oxide  gels,  thin  films  and  coatings  can  also  be  prepared  by  dipping  or 

spinning. 
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The  various  stages  of  the  sol-gel  process  is  illustrated  in  Figure  1.  In  stage  (1)  of  the  figure,  the 
solution  viscosity  is  low,  somewhat  similar  to  that  of  water.  After  a  homogeneous  solution  is  made,  it  can 
be  applied  to  a  substrate  to  form  thin  coatings  by  dipping  or  spinning.  The  film  can  then  be  dried  and  heat- 
treated  to  give  a  glass-like  or  polycrystalline  film.  A  filler  can  also  be  added  to  the 


>  300"  -  500"C 


Figure  1.  Various  Stages  of  the  Sol-Gel  Process 

liquid  such  that  a  composite  film  can  be  formed.  The  film  thickness  is  governed  by  the  concentration  of 
the  precursors  in  the  solution  and  and  can  be  further  controlled  by  multiple  dipping.  The  technique  can 
also  be  modified  to  prepare  multilayers  of  different  oxides.  Thin  films  are  particularly  important  in  that  if 
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the  initial  gel  film  were  to  form  chemical  bonds  with  the  substrate,  then  subsequent  shrinkage  during  heat- 
treatment  would  result  in  densification  in  the  thickness  direction  rather  than  in  the  lateral  directions  along 
the  substrate  surface. 

In  stage  (2)  the  viscosity  of  the  starting  liquid  mixture  has  increased  substantially  due  to  the 
polymerization  reaction.  The  viscosity  can  be  controlled  via  the  amount  of  water  present  or  by  other 
additives.  The  wet  gel  formed  at  stage  (3)  is  very  porous  and  mechanically  weak.  The  drying  of  a  wet 
gel  is  usually  accompanied  by  large  shrinkages  and  frequently  by  fracture.  Because  when  the  liquid  in  the 
pores  evaporates,  a  strong  capillary  pressure  P  is  exerted  on  the  weak  pore  walls  for  the  small  pore  radius 
r: 


P  =  2g  cos  q/r  t4) 

Here,  g  is  the  vapor-liquid  surface  tension.  The  wet  gel  can  be  dried  in  an  autoclave  by  a  technique  known 
as  hypercritical  drying  to  minimize  cracking. *6  The  dry  aerogel  and  the  dry  xerogel  are  both  very  porous. 
Because  the  pores  are  usually  very  small  (<  1000  A)  and  interconnecting,  different  materials  can  be 
impregnated  into  them  to  yield  components  which  are  now  important  for  various  optical  applications. 

Returning  to  stage  (1),  the  filler  to  be  added  can  be  an  organic  dye,  for  instance  Rhodamine  b. 
This  new  composite  could  then  be  a  useful  material  for  lasers.  A  porous  wet  gel  can  be  placed  in  a 
leaching  solution  and  one  or  more  of  its  constituents  extracted.  The  partially  extracted  wet  gel  would  now 
have  a  concentration  gradient.  Subsequent  heat-treatment  would  lead  to  the  formation  of  a  gradient-index 
glass  (GRIN).'^ 

From  stage  (6),  further  heating  of  systems  which  can  be  normally  meltable  to  form  glasses,  would 
result  in  glass-like  solids  (Type  B).  It  has  been  observed  that  much  lower  temperatures  than  the  normal 
melting  temperatures  are  required  to  prepare  these  "glasses".  For  instance,  silica  glass  of  excellent  optical 
quality  and  in  large  pieces  (420  x  290  x  10  mm)  have  been  prepared  by  heating  to  only  1300°C  whereas  a 
conventional  melting  process  would  necessitate  temperatures  in  excess  of  2000'’C.^^  The  much  lower 
heat-treatment  temperature  and  the  use  of  high  purity  alkoxides  would  minimize  contamination  during 
processing  and  ensure  a  high  purity  optical  material.  Non-glass  forming  systems  (Type  A)  yield  porous 
polycrystalline  oxides  on  heating  to  T  <  0.5  T[vi.  With  the  exception  of  thin  films,  the  removal  of  porosity 
can  be  a  problem.  For  thin  films,  good  optical  and  electronic  properties  plus  high  density  are  obtained  at 
relatively  low  heating  temperatures.  For  instance,  excellent  films  of  the  ferroelectric  LiNb03  were 
prepared  from  the  gel  by  heating  to  only  400°C.20 

The  above  sections  illustrate  that  the  sol-gel  process  can  be  exploited  in  many  ways  for  optical 
applications.  Because  of  the  many  factors  which  can  influence  the  process,  from  chemical  precursors  to 
final  products,  the  basic  scientific  knowledge  is  still  inadequate  when  new  optical  materials  are  to  be 
prepared  by  the  sol-gel  method.  Nevertheless,  the  enormous  potentials  of  this  relatively  new  processing 
technique  must  now  be  fairly  obvious.  In  the  next  section,  some  successful  examples  will  be  presented. 

3.  EXAMPLF.S  OF  OPTICAL  MATERIALS 

In  the  past  decade  many  application  of  the  sol-gel  process  to  the  fabrication  of  optical  components 
have  been  reported.  Some  of  these  have  already  been  successfully  developed  into  commercial  products. 
Others  are  in  the  "pilot  plant"  stage  and  some  are  in  the  "promising"  stage  of  development.  Many 
examples  are  presented  in  this  Proceedings.  The  objectives  of  the  present  description  are  to  illustrate  the 
wide  potentials  of  the  sol-gel  process  and  to  provide  the  reader  with  sufficient  guide-lines  for  new 
exploitations. 
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3-1  Dense  Glasses 


Bsnss -Silica  Glass-  Si02  glass,  because  of  its  low  expansion  coefficient,  transparency  in  the  UV, 
visible  and  near  -  IR  and  the  absence  of  other  cations,  is  important  for  many  optical  applications. 
Recently,  research  by  L.  L.  Hench  and  Co-workers  have  produced  silica  glass  via  the  sol-gel  method  by 
heat-treatment  to  only  1 150  The  properties  of  the  sol-gel  derived  silica  glass  are  superior  to  those  of 
all  other  types  of  silica  glass.  For  instance,  the  UV  transmission  is  better,  the  hydroxyl  content  is  much 
lower  (  <  Ippm),  the  refractive  index  and  density  are  higher  and  the  thermal  expansion  is  lower. ^2 
precision  molding  technique  has  also  been  developed  to  produce  net-shape  silica  optics  with  tolerances  in 
the  range  of  10  -  50  |im.  Grinding  of  optical  elements  is  thus  eliminated  and  polishing  rendered  minimal. 
These  ultrahomogeneous  silica  glass  elements  have  been  tested  as  intra-cavity  etalons  for  argon  lasers  and 
shown  to  have  much  higher  conversion  efficiencies.^^ 

Index  Glas.^.  A  glass  rod  with  a  continuous  variation  of  refractive  index  in  the  radial 
direction  is  used  as  lenses  for  copying  machines  and  as  connectors  for  optical  fibers.  Recently  such  GRIN 
glass  rods  have  been  prepared  by  the  sol-gel  method. "3.24  ^  Pb0-K20-B203-Si02  glass  rod  of  diameter 
7  mm  was  produced  with  a  radial  index  gradient  of  4  x  10’^  in  3  mm.  A  SiC)2  -  Ti02  glass  rod  of  diameter 
2  mm  was  found  to  have  a  radial  index  gradient  of  2  x  10‘2  in  1  mm.  The  refractive  index  profile  is  nearly 
parabolic.  Compositional  variation  is  practically  unlimited.  The  index  profile  can  therefore  be  altered 
easily  by  changes  in  chemical  composition  of  the  wet  gel  and  by  the  leaching  conditions. 

3-2  Films  and  Coatings 

3’2-l  F.SiTQclggtncs.  It  has  already  been  mentioned  that  thin  films  of  LiNb03  have  been  prepared  by  the 
gel  method  by  heating  to  only  400°C.2b  Recently,  Mackenzie  and  Co-workers  have  reported  the 
preparation  of  a  variety  of  transparent  ferroelectric  thin  films  on  different  substrates. 25  The  optical 
transparencies  of  two  such  films  are  shown  in  Figure  2.  The  ferroelectric  P-E  hysteresis  loop  of  a  (Sro6() 
Bao.40)  Nb206  film  on  GaAs  is 
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Fig.  2  Optical  transparency  of  ferroelectric  films  on  silica  substrate 
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Fig.  3  Ferroelectric  P-E  hysteresis  loop  of  SBN  film  Fig.  4  Photocurrent  vs.  intensity  for  a 

on  p-GaAs.  Scale  of  x-axis  is  44  kV/cm/div.  SBN  thin  film  on  n-Si. 

and  of  Y -axis  is  6.6  mC/cm^/div. 
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Fig.  5  X-ray  diffraction  of  SBN  thin  films  on  fused  silica  substrate,  with  and  without  electric 
field  during  heat  treatment. 
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shown  in  Figure  3.  Photovoltaic  effects  have  been  clearly  observed  as  exemplified  by  the  photocurrent 
curve  of  Figure  4  for  SEN  on  n-Si.  Another  interesting  observation  was  the  influence  of  an  applied 
electric  field  during  the  heating  of  the  gel  film.  In  Figure  5,  it  is  seen  that  preferred  orientation  of  the  SEN 
film  has  occurred  as  a  result  of  the  applied  field.  Further  advances  in  the  control  of  the  optical  quality  of 
thin  LiNb03  films  have  been  made  recently  at  UCLA  when  two-wave  mixing  was  demonstrated.  S. 
Hirano  of  Nagoya  University  has  prepared  LiNb03  films  on  sapphire  which  are  "almost"  single 
crystalline. 

3-2-2  Electronically  Conductive  Films.  Many  transparent  electronically  conductive  films  have  been 
prepared  by  the  sol-gel  process.  Some  of  these  are  commercially  available  as  coated  glass  windows  as 
large  as  1  m  x  Im.  The  thicknesses  available  vary  from  20  to  300  nm.  Common  examples  are  the  indium- 
doped  tin  oxides  and  cadmium  stannate.  A  review  has  been  published  by  Dislich.^^ 

3-2-3  Antireflective  Coatings.  The  sol-gel  process  has  been  successfully  applied  to  the  preparation  of 
different  types  of  antireflective  coatings.26.27  "phe  controlled  leaching  of  a  gel-derived  coating  can  produce 
a  concentration  gradient  and  change  the  pore  morphology.  Through  leaching,  the  refelctivity  of  a  glass 
surface  can  be  reduced  to  1.4%. 28  Double-layer  antireflective  coatings  based  on  Si02  and  Ti02  which 
maintain  low  reflectivities  over  a  broad  range  of  wavelengths  have  also  been  developed  via  the  sol-gel 
method.29 

3-2-4  Qrmosils  Coatings.  Polymeric  materials  as  optical  components  suffer  from  their  relatively  low 
hardness.  Even  the  hardest  organic  polymers  which  as  "CR  39"  are  much  softer  than  inorganic  glasses. 
Ormosils  coatings  have  been  applied  to  organic  polymers  and  cured  at  120°C.  The  coatings  are  much 
more  scratch  resistant  than  CR39.30 

3-2-5  Silicon  Oxynitride  Films.  Silicon  oxynitride  films  are  of  importance  in  silicon  device  technologies 
because  of  their  controllable  refractive  indices  through  the  N:0  ratio,  their  dielectric  properties  and  their 
oxidation  resistance.  They  have  been  prepared  via  the  sol-gel  route  by  first  depositing  a  porous  Si02  film 
and  then  subjecting  the  film  to  a  NH3  gas  treatment  at  temperatures  between  600'  and  llOO'C.^^  The 
refractive  index  could  be  varied  from  1.42  to  1.72  depending  on  time  and  temperature  and  the  dielectric 
constant  varied  from  3.8  to  5.5.  This  example  is  quoted  to  emphasize  the  flexibility  of  the  sol-gel  process 
in  that  it  is  not  limited  to  oxides  only. 

3-3  Composiigs 


3-3-1  Organic  Dves  in  Inorganic  Matrices 

Two  methods  are  available  for  the  incorporation  of  organic  dyes  into  an  oxide  matrix.  In  the  first 
method,  the  dye  is  dispersed  in  the  sol-gel  solution  prior  to  gelation. *2  After  gelation,  the  dye  molecules 
are  trapped  in  an  oxide  cage.  In  the  second  method,  the  dye  molecules  are  impregnated  into  the 
interconnecting  fine  pores  of  the  dried  gel  via  a  monomer  solution.  The  monomer,  such  as 
methylmethacrylate  is  subsequently  polymerized. ^2  3Qth  methods  yield  transparent  composites.  Many 
organic  dyes  such  as  Rhodamine  6G.  Rhodamine  b,  2-Methyl-4-Nitroaniline  have  been  incorporated  into 
silica  matrices. ^^’32-34  ^ew  solid  state  tuner  in  the  530-630  nm  range  has  been  successfully 
demonstrated  recently  by  the  use  of  the  impregnation  method  with  perylene  dyes  dissolved  in 
methylmethacrylate. Various  dyes  have  also  been  dispersed  in  an  alumina  film  by  the  sol-gel  method. 
Ormosils  have  also  been  used  as  the  matrix  for  laser-active  dyes. -^2  y^e  behavior  of  the  solid  composites 

1  was  found  to  be  superior  to  that  of  the  same  dyes  in  a  liquid  solution.  In  addition  to  laser-active  dyes, 

photochromic  dyes  such  as  the  spiropyranes  have  also  been  incorporated  into  oxide  gels  and  ormosils. ^8 
Eoth  normal  (colorless  to  colored)  and  reversed  (colored  to  colorless)  photochromisms  were  obtained. 

I 

i 
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These  early  results  suggest  that  sol-gel  derived  composites  are  promising  materials  for  information 
processing. 

3-3-2  Nonlinear  Polymers  in  Gels.  Many  newly  developed  organic  polymers  have  very  large  optical 
nonlinearity  in  comparison  with  oxide  glasses.  However,  these  polymers  are  difficult  to  fabricate  into 
optical  compxjnents  of  high  transparency.  If  ilie  polymer  is  incorporated  into  an  oxide  gel  matrix,  materials 
of  high  optical  quality  are  obtained.  This  has  permitted  Prasad  and  Karasz  to  fabricate  compointes  of  noly- 
p-phenylenevinylene  (PPV),  a  leading  NLO  polymer  with  a  c^^)  of  9  x  10'^  esu  in  a  gel-derived  glass. 
This  new  material  shows  considerable  promise  for  optical  switching. 

3-3-3  Semiconductor  Crystallites  in  Glass.  The  preparation  of  colored  silicate  glasses  containing 
ultrafine  crystallites  of  CdS  and  CdSe  was  first  reponed  over  a  hundred  years  ago.  Recently,  these 
glasses  have  received  a  great  deal  of  attention  because  of  their  nonlinear  optical  property .^0,41  single 
crystals  of  CdS,  for  instance,  are  known  to  have  very  high  values  of  nonlinear  index  at  ~  2°K.  The  bound 
excitation  level  in  CdS  responsible  for  its  high  nonlinear  coefficient  is  saturated  at  ~  2°K  but  is  annihilated 
at  higher  temperatures.  As  the  size  of  a  crystal  decreases  until  it  approaches  that  of  the  exciton  dimension, 
quantum  confinement  can  occur.  This  should  permit  the  high  nonlinearity  to  be  present  at  room 
temperature.  Indeed,  commercial  CdS/CdSe  glass  filters  have  been  shown  to  have  cC)  values  of  10'^  -  10" 
^  esu  at  room  temperature.  Because  of  the  method  used  in  making  these  optical  glasses,  the  size 
distribution  of  the  crystallites  is  too  broad  and  the  average  crystallite  size  somewhat  too  large.  The  sol-gel 
method,  in  its  different  variations,  offers  a  promising  route  to  the  preparation  of  this  type  of  CdS-oxide 
glass  composites.  Indeed,  recent  reports  suggest  that  this  approach  is  entirely  feasible. More  recent 
work  are  presented  in  this  proceedings. 


4.  FUTURE  TRENDS 

In  the  above  sections,  it  has  been  clearly  shown  that  the  sol-gel  process  has  enabled  the  preparation 
of  new  and/or  improved  optical  materials.  It  also  pemiits  the  fabrication  of  optical  components  into  shapes 
not  easily  achieved  by  other  techniques  of  processing.  As  the  uniqueness  and  versatility  of  the  sol-gel 
process  are  more  widely  recognized,  there  is  no  doubt  that  it  will  be  applied  to  more  optical  components 
and  devices.  Since  the  gel  is  formed  from  a  liquid  solution  and  its  structure  and  microstructure  are 
dependent  on  the  overall  chemical  composition  of  the  liquid,  it  is  not  difficult  to  appreciate  that  a 
fundamental  understam^mg  of  the  relationship  between  the  liquid  and  its  resultant  gel  must  be  obtained. 
Without  this  und^^rstanding,  future  progress  in  the  development  of  sol-gel  optics  will  be  governed  by  a  "hit 
or  miss"  app’^oach.  The  physical  chemistry  of  sol-gel  liquid  solutions  is  in  its  infancy  at  present.  It  will  be 
vitally  important  for  optical  engineers  to  collaborate  with  material  scientists  and  chemists  to  further  exploit 
this  unique  process  for  optical  materials  and  systems.  Despite  this  lack  of  basic  knowledge  concerning  the 
structures  and  properties  of  sol-gel  liquid  solutions,  significant  future  advances  in  a  few  areas  can  be 
identified.  These  are  summarized  below. 

4-i  Sol-eels  for  Nonlinear  Optics.  New  composites  will  be  developed  based  on:  (a)  NLO  organic 
polymers  and  oxide  or  ormosil  combinations;  (b)  Organic  dyes  incorporated  into  oxide  or  ormosil  matrices 
by  entrapment  or  by  impregnation  and  (c)  semiconductor  microcrystals  in  sol-gel  derived  matrices.  Optical 
elements  of  superior  transparencies  and  high  NLO  coefficients  will  be  fabricated  into  different  shapes. 

4-2  Ferroelectric  Thin  Films.  Ferroelectric  thin  films,  pure  and  doped,  of  superior  optical  quality  will 
be  fabricated  on  various  substrates  including  semiconductors.  As  progress  develops,  the  fabrication 
temperatures  will  decrease  to  below  4()0°C  and  the  preparation  of  single  crystal  films  on  epitaxially 
compatible  substrates  will  be  possible.  Such  films  will  be  utilized  for  holographic  memory,  infrared 
detection,  optical  bistable  devices  and  non-volatile  memory  devices. 

4-3  New  and  Improved  Oxide  Glasses.  The  superior  optical  properties  of  Si02  glasses  prepared  by 
the  sol-gel  process  will  lead  to  applications  in  UV  holography  and  precision  optical  imaging  devices.  Near 
net-shaped  fabrication  of  lenses  based  on  high  purity  silica  glasses  will  be  followed  by  other  glass 
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compositions.  The  GRIN  lenses  will  be  fabricated  by  the  leaching  and/or  ion-exchange  process  applied  to 
gels.  Other  new  glasses  based  on  compositions  which  are  not  normally  or  easily  meltable  will  be 
fabricated  by  the  sol-gel  method.  Examples  of  these  glasses  could  be  Ti02-Si02  and  V205-Si02. 

4-4  Multifunctional  Materials.  The  sol-gel  process  permits  the  preparation  of  practically  unlimited 
oxide  compositions  as  porous  oxide  gels.  The  pore  size  and  distribution  are  controllable.  Organic 
molecules  can  be  dispersed  in  the  oxide  matrix.  Ions  such  as  Ag,  Pb  and  Cu,  can  also  be  present  in  the 
matrix  and  be  reduced  to  their  atomic  state.  The  oxide  matrix  can  be  crystallized  or  vitrified.  The  pores 
within  the  gel  can  be  coated  or  fully  impregnated.  The  possibilities  of  preparing  new  materials,  especially 
multifunctional  materials  are  unlimited.  In  addition,  the  gel  method  readily  permits  the  fabrication  of 
monoliths,  films,  coatings  and  fibers.  It  is  timely  that  innovative  exploitations  be  made  at  present.  It  is 
thus  likely  that  some  new  and  unique  optical  materials  will  be  developed  in  the  near  future. 
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ABSTRACT 

The  development  of  chemical  processing  methods  for  the  fabrication  of  glass  and  ceramic  shapes  for  photonic 
applications  is  frequently  Edisonian  in  nature.  In  part,  this  is  because  the  numerous  variables  that  must  be  optimized  to 
obtain  a  given  material  with  a  specific  shape  and  particular  properties  cannot  be  readily  defined  based  on  fundamental 
principles.  In  part,  the  problems  arise  because  the  basic  chemistry  of  common  chemical  processing  systems  has  not  been 
fully  delineated.  The  prupose  of  this  paper  is  to  provide  an  overview  of  the  basic  chemical  problems  a.ssociated  with 
chemical  processing.  The  emphasis  will  be  on  sol-gel  processing,  a  major  subset  pf  chemical  processing.  Two  alternate 
approaches  to  chemical  processing  of  glasses  arc  also  brie'^.,.  est  ussed.  One  approach  concerns  the  u.sc  of  bimetallic 
alkoxide  oligomers  and  polymers  as  potential  "rv  at  jors  to  mulimetallic  glasses.  The  second  approach  describes  the  utility 
of  metal  carboxylate  precursors  to  muliimctallic  glasses. 

1.  INTRODUCTION 


The  need  for  precise  control  of  chemical  composition,  phase  purity,  index  of  refraction,  porosity  and  doping 
(impurity)  levels  during  processing  of  complex  gla.ss  and  ceramic  shapes,  especially  for  photonics  applications,  is  a  ■'ijoi 
driving  force  for  the  development  of  chemical  processing  techniques.  ^ The  need  for  new,  low  temperature  methods  for 
processing  complex  glass  and  ceramic  shapes,  especially  for  advanced  structural  materials,  provides  additional  impetus  for 


the  development  of  chemical  processing  icchniques.*^"^ 

The  literature  in  these  areas  has  grown  U'emendously  in  the  last  several  years^'^®  and  it  is  well  beyond  the  scope  of  a 
single  paper  to  provide  even  a  sketchy  overview  of  chemical  processing  as  it  exists  today.  The  schematic  shown  in  Figure 
I  affords  a  view  of  the  diversity  both  in  approaches,  processing  variables  and  product  forms  that  are  encompassed  by 
"chemical  processing".  From  Figure  1,  we  can  define  three  broad  areas  that  must  be  considered  in  any  new  venture  into 
chemical  processing.  One  area  concerns  choice  of  monomer  structure  and  reaction  conditions  such  that  the  monomer  is 
readily  transformed  into  the  desired  polymer,  gel,  or  colloid  precursor.  The  second  area  concerns  processing  the  resultant 
precursor  into  the  appropriate  shape  (powder,  fiber,  film,  monolith).  Once  the  final  precursor  shape  is  obtained,  it  is 
necessary  to  transform  the  precursor  material  into  the  final  glass  or  ceramic  product  (powder,  film,  fiber  or  monolith). 
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Figure  1.  Chemical  Processing  of  Glass  and  Ceramic  Shapes 


In  this  paper,  we  are  concerned  with  the  chemistry  that  permits  the  transition  from  monomer  to  tractable  polymer  or 
gel  precursors  to  oxide  glasses.  By  tractable,  we  mean  that  one  can  process  glass  or  ceramic  films,  fibers  or  monoliths 
from  these  intermediates  without  proceeding  first  to  powders.  The  use  of  powders  implies  standard  glass  or  ceramic 
processing  techniques  which  take  advantage  of  chemically  pure  and/or  uniform  powders.  We  present  below  an  overview  of 
the  important  chemical  reactions  that  occur  during  the  initial  phases  of  sol-gel  processing  of  glasses  and  ceramics. 

This  overview  is  followed  by  brief  discussions  of  alternatives  to  sol-gel  processing  including  oxidation  of  organometallic 
alkoxide  and  carboxylate  polymers.  The  emphasis  will  be  on  chemical  processing  of  glass,  glass/ceramic  or  ceramic  shapes 
and  materials  for  photonic  applications. 


2.  DISCUSSION 

We  begin  by  defining  what  is  meant  by  chemical  processing.  The  basic  concept  consists  of  using  common,  low 
temperature,  inorganic  and  organo-  metallic  chemical  reactions  to  form  precursors  to  target  materials  wherein  the  elements 
of  the  target  material  are  atomically  mixed  without  recourse  to  standard  high  temperature  processing  techniques  that  rely  on 
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high  temperature  melt  or  solid  state  diffusion  reactions.  This  approach  also  permits  introduction  of  precise  amounts  of 
dopants,  again  with  atomic  mixing. 

A  further  advantage  to  chemical  processing  is  that  careful  choice  of  chemical  reactions  and  monomers  provides 
polymer  or  gel  precursors  that  exhibit  appropriate  rheological  properties.  These  properties  provide  access  to  forms  (thin 
films,  coatings  and  fibers)  that  are  often  difficult  to  fabricate  using  high  temperature  processing  techniques.  Once  the 
desired  precursor  shape  is  obtained,  conditions  can  be  cho.scn  that  permit  it  to  be  converted  to  the  target  glass  or  ceramic 
product  while  retaining  atomic  mixing.  More  detailed  discussions  of  the  advantages  of  chemical  processing  are  presented 
elsewhere.''^® 


The  phrase  "sol-gel  processing"  is  frequently  u.scd  to  define  any  glass  or  ceramic  processing  methodology  that 
employs  chemical  precursors.  As  used  here,  "sol-gel  processing"  refers  to  any  "chemical  processing"  approach  that  relies 
on  hydrolysis  of  metal-ligand  (e.g.  M-OR)  bonds  to  form  M-O-M  bonds.  Thus,  sol-gel  processing  becomes  a  subset  of  all 
chemical  processing  methods  that  transform  M-L  (L  =  ligand)  bonds  into  M-O-M  links.  We  will  explore  non-  hydrolytic 
methods  of  forming  M-O-M  links  following  a  discu-ssion  of  the  chemistry  of  sol-gel  reactions. 

Sol-gel  processing  has  been  used  successfully  to  incorporate  a  majority  of  the  elements  in  the  periodic  chart  into  glass 
or  ceramic  materials.  The  .sol-  gel  chemistry  of  the  elements  shown  below  has  been  studied  extensively. 


Al 

Ge 

Consequently,  our  discussions  will  focus  on  these  elements,  especially  the  chemistry  of  silicon  and  titanium.  Si 
chemistry  is  very  similar  to  that  of  Gc  and  Sn.  Likewise,  the  chemistries  of  Ti,  Zr  and  Hf  are  very  similar.  Thus,  it  can 
be  inferred  that  what  is  .said  for  Si  or  Ti  will  nonnallv  be  true  for  their  second  and  third  row  equivalents  and  vice  versa. 


We  can  begin  by  illustrating  (sec  Figure  2)  the  structural  features  of  common  Si  and  Ti  alkoxidc  precursors.  Figure  2 
illustrates  the  difference  between  isopropyl  and  ethyl  groups  in  the  two  metals.  All  Si(OR)4  compounds  arc  tetrahedral  and 
monomeric  in  acid  or  neutral  solvents.  Ti  systems  with  bulky  alkoxy  groups,  e.g.  Ti(OiPr)4,  are  monomeric  and 
tetrahedral.* In  contrast,  Ti  systems  with  .smaller  alkoxy  groups,  e.g.  Ti(OiEt)4,  form  trimeric  complexes 
pentacoordinate  complexes  in  non-nucicophilic  .solvents  (e.g.  benzene,  alkanes)  and  octahedral  species  in  nucleophilic 
solvents  (e  g.  alcohols,  THF)  with  the  .solvent  occupying  one  coordination  site.  Alkoxyaluminancs,  e.g.  AI(OR)3,  also 
exhibit  monomer-oligomer  behavior  dependent  on  ligand  bulk. 
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Ti(OEt)4  in  Non>Nuclftophilic  Solvents 


Ti(OEt)4  in  Nucleophilic  Sotvente  (EtOH) 

Figure  2.  Structural  Features  in  Si  and  Ti  Alkoxide  Precursors. 

2.1.2.  Hydrolysis  Reactions  of  Metal  Alkoxides. 

Because  we  are  concerned  with  making  thin  films,  fibers  and  monoliths  rather  than  powders;  it  is  important  to  define 
the  sol-gel  parameters  necessary  to  bring  about  the  appropriate  intermediates.  To  obtain  useful  rheological  properties  and 
simultaneously  avoid  formation  of  colloidal  particles,  it  is  best  to  choose  hydrolysis  conditions  that  lead  to  linear  rather 
than  highly  branched  and  crosslinked  intermediates.^^  This  is  normally  accomplished  by  avoiding  complete  hydrolysis  of 
the  alkoxide  precursor.  To  this  end,  it  is  important  to  understand  what  types  of  reactions  metal  alkoxides  can  undergo 
during  hydrolysis.  The  following  hydrolysis  reactions  are  common  to  most  metal  alkoxides. 


M(0R)4  -t-  OH2  < - >  ROH  -t-  M(0R)30H  (1) 

M(0R)30H  -t-  OH2  < - >  ROH  M(0R)2(0H)2  (2) 


M(0R)2(0H)2  -k  OH2  < - >  ROH  -t-  M(OH)3(OR) 


(3) 
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M(0H)3(0R)  +  OH2  <■ 


■>  ROH  +  M(0H)4 


(4) 


For  silicon,  it  is  likely  to  find  all  four  reaction  products  under  most  conditions.  For  other  metals,  condensation  is  so 
rapid  or  the  reverse  reaction  is  so  favored  that  the  likelihood  of  obtaining  species  such  as  M(OH)4  is  low.  All  of  the 
reactions  arc  reversible  for  all  of  the  metals  including  Si  and  under  the  right  conditions,  the  reverse  reaction  competes  very 
successfully  with  hydrolysis.  Indeed,  this  is  one  reason  many  fully  processed  gels  contain  significant  quantities  of  carbon. 
Retained  carbon  in  turn  diminishes  the  optical  quality,  phase  purity  etc.  of  the  final  glass  or  ceramic  products. 

Many  researchers  are  unaware  of  the  rapidity  of  the  reverse  reaction  and  run  sol-gel  reactions  using 
M(0R)4/R’0HA3H2  systems.^  The  hydrolysis  kinetics  can  be  severely  affected  by  alcohol  exchange  processes: 


M(0R)4  +  R'OH  < 

>  ROH  +  M(0R)30R' 

(5) 

M(0R)30R'  +  R  OH  < 

>  ROH  M(0R)2(0R’)2 

(6) 

In  instances  where  Ti,  A1  or  related  alkoxides  are  used,  alcohol  exchange  can  transform  the  alkoxide  precursor  from  a 
monomer  to  a  dimer,  trimer  or  oligomer.  The  hydrolysis  products  of  oligomeric  precursors  are  very  likely  to  be  quite 
different  from  those  derived  from  monomers.  At  worst,  one  may  enhance  formation  of  highly  crosslinked,  intractable 
intermediates  (see  below.  At  best,  the  kinetics  of  hydrolysis  (gel  time  and/or  temperature)  will  be  unlike  that  expected  if 
one  is  following  related  literature  examples.  This  is  one  (of  many)  reason  why  two  groups  studying  the  same  system  may 
report  quite  different  results.  Other  reasons  are  discussed  below. 

2.1.3.  Condensation  reactions. 

Once  M-OH  groups  are  formed,  further  reaction  occurs  by  condensation.  The  following  reactions  have  been 
documented  for  Si(OR)x(OH)y  species;  however,  there  is  evidence  that  similar  reactions  occur  in  titanium  systems. 

Low  and  medium  water  concentrations: 

M(0R)30H  -k  M(0R)30H  < - >  OH2  +  (RO)3M-0-M(OR)3  (7) 

M(0R)4  +  M(0R)30H  < - >  ROH  +  (R0)3M-0-M(0R)3  (8) 

2M(0H)3(0R)  < - >  OH2  +  (R0)(H0)2M-0-M(0H)2(0R)  (9) 

x(RO)[(HO)2M-Ol2-R)  +  yM(OH)3(OR)  <  -R0HQrQH2->  (R0)l(H0)2M-0]nR  or 

(R0)|(R0)(H0)M-0)xI(H0)2M-01yR 

Cyclics  and  Linears  (10) 

High  water  concentrations: 
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M(0H)4  <■ 


■:QH2 - >  (H0)l(H0)2M-01n-H 


(Cyclics,  Linears,  Branches) 


(11) 


The  alkoxy  groups  in  the  higher  (RO)((HO)2Si-OJnR  polymers  are  much  less  susceptible  to  hydrolysis  than  M-OR 
groups  in  monomers  and  simple  oligomers.  This  provides  another  explanation  for  retention  of  carbon  in  final,  dry  gels. 

At  very  high  water  concenU'ations,  the  primary  product  of  hydrolysis  is  Si(OH)4  which  then  condenses  to  give  silica 
gels  and  particles.  However,  the  need  for  a  dual  solvent  system  often  requires  using  some  alcohol;  therefore,  one  can  never 
truly  escape  forming  some  (R0)[(R0)(H0)M01x[(H0)2M01yR  polymers  during  condensation. 

The  above  hydrolysis  and  condensation  reactions  can  occur  at  or  below  room  temperature.  At  higher  temperatures, 
other  types  of  condensation  reaction  occur  that  can  lead  to  direct  formation  of  polymers  without  hydrolysis:^ 

2M(0R)4  - ^ - >  ROR  +  (R0)3M-0-M(0R)3  (12) 

2M(0R)4  - ^ — >  ROR  +  2(R0)2M=0 - >  (RO)2M(p-0)2M(OR)2  (13) 

The  products  of  reactions  (12)  and  (13)  often  form  during  the  distillation  of  the  metal  alkoxides.  Thus,  efforts  to 
purify  starting  metal  alkoxides  by  distillation  may  actually  lead  to  less  pure  rather  than  higher  purity  starting  materials. 
Reactions  (12)  and  (13)  may  be  quite  useful,  if  one  is  intent  on  producing  polymeric  rather  than  gel  or  colloidal  materials. 

2.1.4.  Mechanisms  of  Hydrolysis. 

In  neutral  solutions,  Si(OR)4  reacts  slowly  to  form  simple  hydrolysis  products.  By  comparison,  other  metal 
alkoxides  react  much  faster  in  neutral  solution;  however,  all  systems  experience  significant  increases  in  rates  of  hydrolysis 
and  condensation  in  the  presence  of  catalytic  amounts  of  acids  or  bases.  Common  acid  catalysts  include  HCl,  HNO3, 
H2SO4,  H3PO4,  HF,  acetic  acid  etc.  Basic  catalysts  include  metal  hydroxides  (e.g.  KOH,  NaOH),  ammonium  hydroxide 
(NH4OH),  aminium  hydroxides  (e.g.  Me4NOH)  etc. 

Under  otherwise  identical  conditions,  the  products  deriving  from  acid  catalyzed  sol-gel  reactions  can  be  quite  different 
from  those  obtained  with  basic  catalysts.  In  part,  these  differences  are  due  to  the  specific  mechanisms  of  hydrolysis  and 
condensation  and,  in  part  to  experimental  variables.  Unfortunately,  the  only  detailed  studies  on  hydrolysis  and  condensation 
mechanisms  found  in  the  literature  concern  Si(OR)4.  Even  here,  there  are  still  many  questions  that  remain  to  be  answered. 
Thus,  much  of  sol-gel  processing  remains  an  art  based  on  Edi.sonian  tactics. 

2.L4.1..  Si 

Recent  experimental  and  theoretical  results  indicate  that  both  acid  and  ba.se  catalyzed  hydrolysis  of  alkoxysilanes 
proceed  via  pentacoordinale  intermediates.  In  base  catalysis,  it  has  been  proposed  that  OH'  reacts  directly  with  the  silicon 
center  to  form  a  pentacoordinated  anion  intermediate  as  shown  in  Scheme  1 . 

Numert)us  literature  examples  of  pentacoordinated  (and  hexacoordinated)  Si  comp<iunds  (see  below)  provide  excellent 
support  for  the  intermediacy  of  hypervaicnt  silicon  in  hydrolysis  (and  condensation).''^"'^  Indeed,  pcntaco-  ordinated  Si  is 
ubiquitous  in  all  areas  of  silicon  chemistry  and  allows  us  u>  po.se  the  question:  Why  aren't  there  literature  examples  of 
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Scheme  1 


The  mechanism  proposed  for  acid  catalyzed  hydrolysis  begins  with  protonation  at  an  alkoxy  oxygen.^^-  Protonation 
makes  the  silicon  sufficiently  electropositive  to  permit  attack  by  free  water  to  form  a  pentacoordinated  intermediate  as 
shown  in  Scheme  2.  Literature  support  for  the  existence  of  pentacoordinated  silicon  compounds  in  acid  hydrolysis  is  based 


I— iO  +H’. 


V" 


Scheme  2 

on  volume  of  activation  changes  at  high  pressure. '  ^  Additional  support  comes  from  the  fact  that  acid  catalyzed  hydrolysis 
of  Me4.xSi(OR)x  is  faster  for  lower  values  of  x.^^  This  is  logical  given  that  electron  donation  by  the  Me  groups  will 
stabilize  formation  of  a  positive  charge  at  the  alkoxy  oxygen.  Of  interest  here  is  the  fact  that  the  compounds 
Me4-xSi(OR)x  (x  *  4)  are  not  susceptible  to  base  hydrolysis.  Thus  re.sult  permits  the  conclusion  that  the  mechanism  for 
acid  catalyzed  hydrolysis  differs  considerably  from  that  in  base  catalyzed  hydrolysis. 

Numerous  structurc/rcactivity  hydrolysis  rate  studies  for  silicon  have  been  conducted  and  will  not  be  discussed  here; 
however,  as  expected,  the  bulkier  the  alkyl  group  the  slower  the  rate  of  hydrolysis.'^  Also,  as  expected,  increases  in 
temperature  typically  lead  to  increases  in  reaction  rates. 
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One  final  commcni  on  hydrolysis  mechanisms  in  silicon  concerns  the  use  of  fluoride  compounds  to  promote 
hydrolysis.  Fluoride  either  as  F'  or  as  HF,  because  of  its  high  Si  bond  dissociation  energy  (Si-F  BDE  =  140  kcal/molc, 
Si-O  BDE  =  128  kcal/mole)  will  promote  hydrolysis  ',y  forming  pcniaco-  ordinate  Si-F  intermediates  even  in  acid 
solutions.  Thus  sol-gel  studies  with  fluoride  give  anomalous  results  when  compared  with  other  types  of  catalyzed 
hydrolyses.  Moreover,  there  is  a  considerable  likelihtxxl  that  fluoride  will  remain  incorporated  in  the  final  glass  or  ceramic. 
2.1.4.  2.  Ti  and  Zr. 

Essentially  no  other  work  has  been  done  to  ascertain,  in  detail,  the  mechanisms  of  hydrolysis  of  other  metal 
alkoxides.  As  noted  above  the  species  M(OR)4  for  M  Si  hydrolyze  much  faster  than  Si(OR)4.  The  reason  is  that  these 
species  are  excellent  Lewis  acids  and  catalyze  their  own  hydrolysis. 

Several  groups  have  studied  the  hydrolysis  kinetics  of  Ti(OR)4  and  Zr(OR)4  alkoxides  under  neutral  conditions. 
Thus,  Smit  et  al**^  have  studied  the  kinetics  of  hydrolysis  of  Zr(OnPr)4  using  reaction  conditions  and  analytical  techniques 
es.scntially  identical  to  those  used  by  Barringer  to  study  the  hydrolysis  of  Ti(OEt)4.^^  Smit  ct  al  find  that  if  less  than  four 
equivalents  of  water  are  used,  hydrolysis  stops  at  (nPrO)Zr(OH)3.  Furthermore,  essentially  no  precipitation  occurs  when 
less  than  three  equivalents  of  water  are  added.  They  conclude  that  hydrolysis  proceeds  in  a  stepwise  manner  with  only 
limited  condensation.  These  results  closely  resemble  Barringer’s  work  on  Ti(OEt)4.^® 

The  Smit  work  was  done  in  ethanol  solvent.  Alcohol  exchange  must  occur;  however,  how  this  exchange  affects  the 
hydrolysis  kinetics  is  not  clear  because  all  of  the  straight  chain  alkoxy  titanium  complexes  including  Ti(OnBu)4  form 
dimeric  and  irimeric  species. '  Recent  work  by  Sanchez  et  ai*  *  on  the  hydrolysis  of  Ti(OR)4,  where  R  =  iPr  or  nBuO, 
when  coupled  with  the  Smit  and  Barringer  works,  suggests  a  plausible  hydrolysis  mechanism. 

Because  Ti  (IV)  alkoxides  arc  well-known  Lewis  acids,  they  form  pcnlacoordinate  (and  hexacoordinatc)  complexes  in 
the  prc.scncc  of  H2O  akin  to  those  shown  in  Schemes  1  and  2  for  silicon.  Hydrolysis  occurs  from  these  intermediates: 


o 


Scheme  3 

Once  M-OH  bonds  arc  formed,  condensation  must  follow  and  the  question  is  docs  it  result  in  the  formation  of  linear, 
branched  oligomers  ,  etc  and  can  the  degree  of  each  form  be  conuollcd  to  avoid  the  formation  of  colloids  or  intractable  gels. 
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If  we  assume  that  tetrahedral  Ti(OiPr)4  reacts  in  much  the  same  manner  as  Si(0R)4;  albeit,  much  faster,  then  we  can 
describe  general  condensation  processes  as  shown  below.  In  Scheme  4,  linear  polymers  are  more  likely  to  form.  The 
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silicon  analog,  with  a  basic  catalyst,  will  involve  attack  of  an  Si-O'  species  on  another  Si  center. 

If  we  start  with  a  less  hindered  Ti  species  then  we  immediately  get  cluster  formation  of  the  type  likely  to  lead  to 
highly  branched,  colloidal  particles; 
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Sanchez  ct  al^*  have  found  that  in  analogous  Zr  reactions  they  can  actually  isolate  and  obtain  a  crystal  structure  of  a 
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species  nearly  identical  to  the  product  in  Scheme  4.  Sanchez  et  al^  *  have  also  found  a  method  of  reducing  the  opportunity 
for  reactions  such  as  depicted  in  Scheme  4  from  occurring.  They  find  that  if  they  react  Ti(OiPr)4  with  2,4-pcntancdione 
(reaction  14)  or  Ti(OnBu)4  with  CH3CO2H  (reaction  15)  that  they  can  obtain  unbridged  species  wherein  a  fifth  ligand 


site  on  Ti  is  occupied  by  an  unreactive  group.  These  bidentate  ligands  not  only  inhibit  the  formation  of  bridging  species 
such  as  shown  in  Schemes  4  and  5,  they  also  occupy  a  site  that  would  initially  be  available  for  binding  water.  As  a  result, 
the  rates  of  hydrolysis  and  condensation  are  slowed  down  such  that  they  can  obtain  clear  monolithic  gels 


from  either  precursor  system.  These  examples  suggest  ways  of  modifying  the  reactivity  of  the  precursor  to  control  the 
type  of  intermediates  formed  and  therefore  processability.  Flench  and  West  have  recently  di.scusscd  this  effect  in  detail. 

Detailed  discu.ssion  of  the  properties  and  processing  of  the  resulting  oligomeric  and  polymeric  precursors  is  beyond  the 
scope  of  this  paper  but  such  di.scu.ssions  arc  available. 


2.2.  Organomctallic  Precursors 

We  have  noted  that  there  is  a  significant  disparity  between  the  rates  of  hydrolysis  of  Si(UR)4  and  the  other  metal 
alkoxidcs. '  ^  In  fact,  the  rates  of  hydrolysis  of  other  metal  alkoxidcs  have  not  been  carefully  measured;  however,  qualitative 
resulLs  indicate  that  there  can  be  orders  of  magnitude  variations  in  rates.  Thc.sc  rate  differences  can  be  dealt  with  as  Sanchez 
ct  al  have  done,  by  inuoducing  ligands  that  modify  reactivity.  However,  consider  the  preparation  of  multimctallic  glasses 
and  ceramics. 

The  preparation  of  proccssable  intermediates  to  multimctallic  glasses  via  sol-gel  processing  requires  exceptional 
control  of  the  sometimes  exceedingly  disparate  rates  of  hydrolysis  and  condensation  of  the  component  metal  alkoxidcs.  The 
possibility  of  obtaining  effective  atomic  mixing  rather  than  segregation  in  the  precursor  is  low.  Thus,  it  is  extremely 
difficult  to  envision  developing  useful  sol-gel  approaches  to  multimctallic  glasses;  although,  it  has  been  done  successfully 
on  a  commercial  scale. 

Organomctallic  precursors  offer  potential  advantages  over  sol-gel  processing  of  glasses  and  ceramics  for  processing 
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multimetallic  glasses.  Organomeiallic  precursors  rely  on  preformed  bonding  anangcmcnis  in  a  polymer  species  for  both 
atomic  mixing  and  the  rheological  properties  necessary  for  low  temperature  manipulation  (e.g.  fiber  spinning). 
Furthermore,  close  control  of  drying  docs  not  play  a  role  in  organomeiallic  processing  of  glas.scs.  However,  alternate 
problems  do  exist,  such  as  effective  removal  of  carbon  containing  ligands  so  that  carbon  impurities  are  minimized.  We 
will  briefly  illustrate  the  possibilities  of  using  polymeric  organomctallic  alkoxide  precursors  for  multicomponent  glasses. 


2.2.1.  Bimetallic  Alkoxidcs 

We  have  recently  shown  that  wc  can  synthesize  directly  from  silica,  polymeric  salts  of  the  following  type:^^ 

SIO2  +  2MOH  +  HOCH2CH2OH  ^  Q 

O'”  - -  M2  or  M'  (16) 

Si02  +  MOH  +  HOCH2CH2OH 

M  =  Li,  Na,  K,  Cs 
M'  =  Mg,  Ca,  Ba 

Although,  these  arc  di.scrctc  molecular  species,  when  mixed  with  a  molar  equivalent  of  another  diol,  they  can  be  made 
polymeric  simply  by  heating.  These  h  .nctallic  polymers  provide  entree  into  a  number  of  standard  multimetallic  glasses 
glass  compositions,  simply  b'^  ...  ...ig  in  air.  For  example,  the  barium  salt,  BaSi2(0CH2CH20)5  decomposes  at  =  250°C 
to  essentially  pure  BaO  ''  ji''  Although,  this  is  a  simple  example  it  is  meant  to  demonstrate  the  possibilities  of  tliis 
approach  for  process!  ,g  multicomponent  glasses.  Reference  8  provides  an  in-depth  ldiscu.ssion  of  bimetallic  alkoxidcs. 


2.2.2  Metal  Carboxvlatcs 

As  an  alternative  to  metal  alkoxidcs,  metal  carboxylates  also  provide  access  to  multimetallic  glasses  and  ccra.'iiics.  In 
our  own  work,^^  we  find  that  1 23  superconductor  fibers  can  be  made  simply  by  mixing  isobutryatc  [Mc2CHC02‘l 
complexes  of  the  component  metals  (Y,  Ba,  Cu)  in  the  appropriate  stoichiomeuica  in  THF  solvent.  In  solutions,  it 
appears  that  the  barium  and  copper  complexes  form  mixcd-mctal  oligomers  of  the  type  Ba2Cu2(02CCHMc2)8  that  provide 
sufficient  rheology  to  .spin  fibers.  Thc.se  oligomers,  when  heated  in  the  appropriate  atmosphere  to  9lO°C  give  intact, 
flexible,  superconducting  wires.  Other  researchers  in  the  area  have  made  numerous  other  metal  oxide  thin  films^'^’^^  using 
this  approach  including  SnO^  films.^^^ 

These  last  two  approaches  to  chemical  procc.ssing  of  glass  are  just  now  becoming  potentially  useful  methods  and 
much  more  effort  will  be  required  to  realize  their  full  potential. 
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ABSTRACT 

The  sol-gel  technique  allows  preparation  of  pure  inorganic  glasses  or  composite 
glasses  of  inorganic  and  orgeinic  nature  at  low  temperature.  Incorporation  of  organic 
molecules  with  desired  spectral  characteristics  is  the  subject  of  our  research. 
Specific  cases  include  preparation  of  stable  tunable  lasers  in  the  visible  based  on 
photostable  dyes;  glasses  doped  with  dyes  characterized  by  double-proton  transfer 
with  good  separation  between  absorption  and  emission;  new  materials  having  nonlinear 
properties;  and  glasses  with  dyes  sensitive  to  ambient  acidity  and  basicity.  Four 
types  of  these  glasses  are  discussed. 

1 . INTRODUCTION 


The  sol-gel  process  provides  a  new  approach  to  the  preparation  of  glasses  at 
low  temperature.  This  technique  enables  for  the  first  time  the  introduction  into 
glass  of  organic  molecules  having  characteristic  spectral  features.  Because  of  the 
increased  photostability  of  a  dye  in  an  inorganic  system  due  to  the  fact  that  the 
breaking  energy  of  the  bonds  between  the  atoms  and  molecules  constituting  the 
glasses  is  higher  them  in  solution  or  in  polymers  a  variety  of  new  materials  can  be 
designed  and  prepared.  Some  systems  which  were  prepared  in  recent  years  are 
discussed  in  references  1  and  2. 

In  the  present  paper  recent  progress  in  the  new  materials  prepared  in  our  group 
is  described.  These  include:  materials  for  photostable  solid  state  tunable  lasers  in 
the  visible;  glasses  having  well-separated  absorption  and  emission  spectra  which  may 
be  considered  for  luminescent  solar  concentrators;  glasses  which  have  properties 
which  change  reversibly  with  illumination  having  nonlinear  optical  properties; 
sensors  for  environmental  impurities. 

2. SOLID-STATE  TUNABLE  LASERS  IN  THE  VISIBLE 


Stable  tunable  solid-state  lasers  existing  today  are  based  on  transition 
metals^,  such  as  Cr(III)  and  Ti(III)  ions  which  emit  in  the  infraL..J  part  of  the 
spectrum.  Because  of  the  importance  of  solid-state  tunable  lasers  in  the  visible  a 
considerable  effort  has  been  extended  towards  the  search  for  tunable  laseij^_^ade  of 
solid  inorganic  materials  operating  in  the  visible  part  of  the  spectrum  .  The 
sol-gel  enables  single  or  multiple  component  glasses  to  be^^repared  at  temperatures 
low  enough  in  order  not  to  destroy  the  organic  molecules  .  The  process  involves 
hydrolysis  and  polycondensation  of  alkoxides,  see  Fig.l.  During  the  glass 
preparation  an  organic  moleculja_  added  to  the  solution  and  homogeneously 
incorporated  in  the  final  glass'^  .  The  resulting  photostability  of  the  dye  is 
enhanced  in  the  inorganic  host  matrix  and  surpasses  that  of  organic  media  such  as 
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Si(0C2H5)4 
HgO,  HCI,  (NaOH) 
C2H5OH,  Dye  ( Ion) 


Figure  1.  Scheme  of  preparation  of  sol-gel  bulks  and  films 

polymethylmethacrylate.  However,  despite  this  increased  photostability  lasers 
prepared  by  the  sol-gel  method  from  conventional  l^ser  dyes  can  survive  only  a  few 
pulses  of  exciting  laser  sources  before  degradation 

Recently  perylimide  dyes  were  developed  by  Seybold  and  Wagenblast  with  the 
following  structure: 


H3C-CH-CH3 


They  are  characterized  by  their  extreme  photostability  and  negligible 
singlet-triplet  transfer  which  is  responsible  for  nonradiative  relaxations.  The 
absence  of  a  long-lived  triplet  state  providing  enough  time  for  photochemistry  to 
take  place  allows  the  existence  of  stable  dyes  with  high  quantum  efficiency  of 
fluorescence.  Optical  characteristics  of  several  perylene  dyes  are  presented  in 
Table  I. 
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Table  I.  Optical  characteristics  of  perylene  dyes. 


extinc. 
coeff . 


max  nm 


quantum 
effic . 
% 


The  perylene  dyes  have  limited  solubility  in  conventional  solvents  from  which 
the  sol-gel  glasses  are  prepared  because  of  the  planar  structure  of  the  molecules 
which  facilitates  the  formation  of  crystals  with  high  lattice  energies.  Fortunately 
perylene  dyes  can  be  introduced  into  composite  glassjj  which  are  composed  of  mostly 
inorganic  matrix  with  an  addition  of  organic  polymer  .  We  were  able  to  intj-^d^^e  a 
variety  of  perylene  dyes  into  the  composite  glasses  either  in  bulk  glasses  ’  or 
into  thin  films"^^.  An  example  of  the  bulk  glasses  doped  by  the  perylene  dye  BASF-241 
is  presented  in  Fig. 2  which  gives  the  exitation  and  emission  spectra  of  the  dye  in  a 
composite  glass.  The  laser  action  of  this  dye  was  tested  by  frequency  doubled 
Nd;YAG.  The  measured  threshold  was  less  than  6yJ  and  the  slope  efficiency  was  around 
%%.  This  efficiency  can  be  increased  by  improving  the  optics  of  the  laser  cavity. 
The  laser  could  also  be  excited  by  a  copper  laser  source.  There  was  no  change  in  the 
laser  operation  after  several  thousand  excitation  pulses.  Laser  action  was  also 
observed  in  the  films  prepared  by  the  sol-gel  method  with  dopants^ ^ASF-24 1  and 
R-3OQ,  the  absorption  and  emission  spectra  of  which  is  given  in  Fig. 3  .  A  diferent 
dye  based  on  naphthylimide  derivative  was  recently  prepared  by  Dr.  Seybold  of  BASF 
Farbenlaboratorium,  Ludwigshafen.  The  absorption  and  emission  spectra  of  this  dye  in 
a  sol-gel  glass  film  is  presented  in  Fig. 4.  The  quantum  efficiency  of  this  dye  is 
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Figure  2.  Absorption  and  emission  spectra  of  perylene  dye  BASF-241  in  a  composite 
material 
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Figure  3*  Absorption  eind  emission  spectra  of  R-3OG  in  composite  glass-PMMA 
film 
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Figure  4.  Absorption  and  emission  spectra  of  the  dye  KF-42  in  sol-gel  film 


Film  lasers  may  have  some  advantage  over  bulk  lasers  in  the  future  because  of 
the  good  thermal  dissipation  and  waveguide  properties  of  the  films.  If  the 
refractive  index  of  the  film  is  higher  than  that  of  the  glass  support  the  laser 
radiation  is  trapped  and  guided  by  a  total  internal  reflection  in  the  thin  film. 


As  L;entioned  above  the  class  of  the  perylimide  dyes  are  only  very  slightly 
soluble  in  polar  organic  solvents  but  dissolve  well  in  apolar  solvents  such  as 
chloroform.  Introduction  of  a  bulky  tetrabutyl  group  into  the  perylimide  ring 
makes  the  dye  soluble  also  in  a  number  of  polar  solvents  while  retaining  a  high 
quantum  efficiency  of  fluorescence.  ^  have  recently  prepared  glasses  based  on  acid 
hydrolysis  of  TEOS  doped  by  this  dye  ,  the  absorption  and  emission  spectra  of  which 
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Molar  Extinction  Coefficent 


is  presented  in  Fig. 5.  Laser  action  was  detected  on  excitation  with  the  green  line 
of  a  copper  laser. 


N'N-Bis(2.5-di-tert-butylphenyl)-3.43.10-peryienebls(carboximlde) 


DBPI 
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Figure  5-  Absorption  and  emission  spectra  of  DBPI 

(N' .N' -Bis (2,5“di-tert-butylphenyl) -3,4 :9. 10“Perylene-bis (carboximide) ) 
in  a  bulk  glass  prepared  by  hydrolysis  and  polycondensation  of  TEOS 
catalyzed  by  HCl 
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3. OPTICAL  PROPERTIES  OF  [2 , 2 ' -BIPYRIDYL]-3 . 3 * -DIOL  IN  SOL-GEL  GLASSES 

The  absorption  and  emission  spectra  of  [2,2^'^-j^yridyl]-3,3'-dioI  (BP(OH)  )  in 
solution  were  studied  by  the  Grabowski  group"^^  .  This  molecule  undergoes  an 
excited  state  proton  transfer  reaction  as  seen  from  the  formula 


resulting  in  a  very  strong  Stokes  shi^^.  It  has  also  been  recommended  as  an 
interesting  laser  material.  We  introduced  this  molecule  (prepared  by  L.  Kaczmarek 
in  Warsaw)  into  glass  prepared  by  hydrolysis  of  tetraethoxysilane  (TEOS)  and  into 
glass  bulks  prepared  (a)  from  Glymo^'^  (glycidyloxypropyltrimethoxysilane)  with  a 
small  addition  of  tetramethoxysilane  (TMOS)  and  (b)  by  hydrolysis  of  PST 
(3-{trimethoxy-  silyl)propylmethacrylate)  with  a  small  addition  of  TMOS.  The  latter 
glasses  (a)  and  (b)  in  their  final  form  are  a  composite  material  mainly  composed  of 
an  inorganic  Si02  lattice  with  a  residual  organic  backbone.  The  molecule  was  also 
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Figure  6.  Absorbance  and  emission  spectra  of  BP (OH) 2 

.  in  sol-gel  glass  film 

-  in  ethanol 

-  -  -  in  PMMA 


34  SPIE  Vol  1 328  Sol  Gel  Optics  17  990) 


Table  II.  Quantum  yields,  lifetimes  and  peak  positions  of  BP(0H)2  in  various  media. 


Material 

concentration 

[M/L] 

■■ 

absorption 

A 

nm 

emission 

A 

nm 

lifetim< 

calculated 

3s  nsec 

measured 

quantum  yield 

chloroform 

5  X  lo:^ 

341 

485 

7.95 

3.3 

0.40  ±  0.05 

ethanol 

6.5  X  10  5 

342 

480 

4.9 

2.2 

0.45  ±  0.05 

water 

7  X  10_' 

365 

445 

5.6 

1.0 

0.15  ±  0.05 

PMMA* 

2  X  10  ^ 

342 

490 

5.2 

2.4 

0.45  ±  0.05 

thin  glass 
f  ilm 

-4 

2  X  10_J 

350 

470 

5.0 

0.7 

0.15  ±  0.05 

PST  glass** 

1.2  X  10  ? 

345 

485 

8.0 

4.2 

0.50  ±  0.05 

Glymo  glass*** 

1.5  X  10  ^ 

345 

480 

7.9 

4.0 

0.50  ±  0.05 

*  polymethylmethacrylate 

**  3" (trimethoxysilyl)propylmethacrylate 

***  glycidyloxypropyltrimethoxysilane 

introduced  into  PMMA  (polymethymethacrylate) .  An  example  of  absorption  and  emission 
spectra  of  the  molecule  in  a  thin  glass  film,  in  ethanol  solution  and  in  PMMA  is 
presented  in  Fig. 6.  The  spectra  of  the  molecule  in  bulk  glasses  resemble  those  of 
PMMA.  The  absorption  and  emission  meixima  together  with  the  radiative  lifetimes  and 
measured  lifetimes  and  quantum  efficiencies  of  luminescence  obtained  from  the  ratio 
of  the  measured  and  calculated  lifetimes  are  presented  in  Table  II.  The  high  quantum 
efficiencies  of  the  molecule  in  PST  and  Glymo  glass  and  a  large  Stokes  shift  which 
circumvents  the  self-absorption  of  the  emitted  radiation  make  these  new  materials 
promising  for  lasers  in  the  48G-530  nm  range  provided  that  their  photostability  will 
be  sufficiently  high. 

4. NONLINEAR  MATERIALS  BASED  ON  SOL-GEL  TECHNOLOGY 


Organic  ma^^rials  in  polymers  for  nonlinear  optics  have  been  of  great  interest 
in  recent  years  ^  .  The  second  order  nonlinearity  connected  with  the  second  order 
susceptibility  X  cein  be  utilized  in  the  generation  of  second  order  harmonics,  e.g. 
creating  the  green  light  from  the  Nd  laser.  Degenerate  four-wave  mixing,  on  the 
other  hand,  is  based  on  the  third  order  nonlinearity  connected  to  X^of  the  electric 
susceptibility  tensor.  Some  of  the  non-inorganic  molecules  such  as  fluorescein  and 
its  derivatives  when  introduced  into  sol-gel  glasses  show  very  low  saturation  values 
arising  from  efficient  singlet  to  triplet  transfer  and  were  discussed  in  references 
1  and  2.  During  the  last  year  we  have  studied  extensively  the  nonlinear  behaviour  of 
acridine  orange  and  methyl  orange  and  methyl  red  in  composite  glasses. 


Acridine  Orange 

JL  IL  JL  *  bis(dimelhyl  amino  Acridine)] 
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cis  and  trans  forms  of  methyl  orange  and  methyl  red 


For  methyl  orange  R  =  CH_  R 
For  methyl  red  R  =  CH^  R^ 


NaO  S  R.  =  H 
H  ^  R^  =  COOH 


The  reason  for  preparation  of  these  materials  is  their  high  photostability, 
absence  of  pores  preventing  diffusion  of  oxygen  responsible  for  the  triplet 
quenching  of  the  molecules.  The  composite  glasses  were  prepared  as  follows:  TEOS  in 
ethanol  with  traces  of  HF  as  catalyst  were  used  as  starting  materials  for 
preparation  of  the  gel  which  was  heated  to  6GG°C  at  a  rate  of  IGG” C/hour.  The  bulk 
glasses  so  obtained  were  then  cooled  and  impregnated  by  immersing  them  in  a 
preheated  to  35°C  mixture  of  MMA  (methylmethacrylate)  doped  by  appropriate 
concentration  of  the  organic  molecule  and  addition  of  2%  benzoyl  peroxide  to  assist 
the  polymerization  of  the  MMA  in  the  pores  of  the  glass.  After  standing  for  five 
days  in  sealed  containers  the  composite  glasses  were  rinsed  from  the  remaining 
polymer  and  polished  to  optical  quality.  The  glasses  were  stable  chemically  and 
mechanically.  The  saturable  absorption  in  the  acridine  dyes  results  from  the 
effic^gnt  depopulation  of  the  ground  singlet  state  to  the  metastable  triplet 
state  while  in  methyl  orange  the  nonlinear  properties  arise  from  transformation  of 
the  coloured  trans-form  to  the  less  coloured  cis-form  (see  diagram). 

The  nonlinear  optical  properties  of  the  materials  were  measured  by  means  of 
nanosecond  pump-  and  ©robe  beam  spectroscopy  and  by  the  technique  of  cw  laser- 
induced  gratings  (LIG)  .  The  laser-induced  dynamical  gratings  in  the  doped  glasses 
were  formed  by  crossing  two  coherent  chopped  beams  of  equal  intensity  of  a  cw  argon 
laser  emitting  at  51^-5  nm  in  the  sample.  From  the  dependence  of  the  intensity  of 
the  diffracted  beams  on  the  intensity  of  the  incident  beams  we  could  estimate  the 
efficiency  of  the  diffracted  gratings  which  is  6.6ji  for  acridine  orange  and  l.GX 
for  methyl  orange.  The  latter  efficiency  can  be  substantially  increased  by 
decreasing  the  angle  between  the  two  incident  beams.  The  functional  dependence  of 
the  diffracted  intensity  allows  also  to  determine  independently  the  mechanism 
responsible  for  the  nonlinearity.  In  acridine  the  nonlinearity  arises  from  the 
saturable  absorption  of  the  molecules  which  in  methyl  red  and  methyl  orange  is  due 
to  the  changes  in  refractive  index  possibly  due  to  thermal  effects.  The  existence  of 
the  dynamical  refraction  gratings  is  connected  to  optical  phase  conjugation,  a 
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process  that  can  lead  to  the  correction  of  a  wavefront  distortion  under  conditions 
in  which  a  beam  of  light  passes  twice  in  opposite  directions  through  an  aberrating 
optical  medium.  There  is  a  hope  that  the  optical  material  described  above  will  be 
used  with  low  intensity  light  sources  for  application  in  phase  conjugation  and  image 
processing. 


5. SENSORS  FOR  ENVIRONMENTAL  IMPURITIES 


Dyes  which  can  change  their  colour  depending  on  the  environment  or  with 
conditions  of  the  preparation  when  introduced  into  sol-gel  glasses  can  serve  as 
sensors  for  detection  of  environmental  and  biomedical  traces.  An  example  of  such  a 
dye  is  oxazine-170  which  can  exist2^n2neutral ,  mono-cation,  di-cation  and  tri-cation 
forms  depending  on  the  environment  ' 

Oxazine-170  was  introduced  into  glasses  prepared  by  the  sol-gel  method  using 
tetramethoxysilEine .  The  absorption  and  emission  of  the  dye  were  studied  as  a 
function  of  preparation  conditions  of  the  glasses.  Extinction  coefficients  and 
quantum  efficiencies  ofl^the  cationic  form  of  the  dyes  revealed  much  higher  values 
than  the  molecular  form^  .  Several  geometries  were  prepared:  bulk  glass,  glass  tubes 
coated  on  the  inside  and  glass  tubes  coated  on  the  outside.  It  was  shown  that  the 
colour  of  the  oxazine  incorporated  into  the  glasses  changes  reversibly  when  exposed 
to  atmospheric  ammonia  or  acid^  .  Waveguides  based  on  this  material  may  serve  as 
optical  sensors  for  ammonia  or  acid.  Comparable  results  were  also  obtained  when 
oxazine-170  was  incorporated  into  films  of  PMMA,  however  this  la^-ter  material  was 
less  photostable.  The  response  time  of  colour  change  depends  on  the  thickness  of  the 
films  and  the  velocity  of  diffusion  of  ammonia  or  protons. 
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ABSTRACT 

Transition  metal  oxide  (T.M.O)  gels  exhibit  extrinsic  or  specific  optical  properties.  This  duality  is 
related  to  the  fact  that  they  can  be  used  as  transparent  amorphous  matrices  from  which  high  refractive 
index  is  expected,  or  for  their  mixed  valence  behaviour.  Titanium  or  Zirconium  oxide  based  gels  na\'e 
been  used  as  transparent  matrices  in  which  large  concentration  of  inorganic  (Eu  (III))  or  organic 
luminophores  (Rhodamine  6G  ,  Rhodamine  640,  Coumarine  4)  have  been  incorporated.  Several 
specific  optical  properties  related  to  Titanium  oxide  based  gels  such  as  electrochromism  , 
photoelectrochemistry  and  photochemistry  are  also  described. 

1.  INTRODUCTION 


The  sol-gel  process  opens  a  land  of  opportunity  for  the  synthesis  of  optical  materialsE  Sol-gel 
chemistry  is  mainly  based  on  inorganic  polymerization  reactions.  Staning  from  molecular  precursors, 
a  macromolecular  oxide  network  is  obtained  via  hydroxylation-condensation  reactions  ^3  which  can 
be  controlled  by  the  chemical  design  of  molecular  precursors.  Transparent  transition  metal  oxide  sols 
and  gels  can  then  be  synthesized''.  Rheological  properties  of  sols  can  be  adjust  allowing  easy 
deposition  of  transparent  coatings  onto  glass,  ceramic  or  polymeric  substrates  5.  Sol-gel  chemistry  is 
performed  in  solution  at  lower  temperatures  than  conventionnal  chemical  methods.  Homogeneous 
doping  by  mixing  components  at  a  molecular  level,  synthesis  of  metastable  or  amorphous  phases 
allowing  larger  concentrations  of  chromophores  and  synthesis  of  mixed  organic-inorganic  materials 
can  then  be  performed. 

Silica  6,7,8,9,10  or  alumina-silica'f'^  ggjs  have  been  studied  extensively.  Less  work  was 
devoted  to  transition  metal  oxide  (T.M.O)  based  gels  (Ti02,  Zr02..-).  When  compared  to  silica  based 
compounds  T.M.O  gels  offer  similar  advantages  ;  moreover  they  exhibit  a  large  variety  of  optical 
properties  arising  from  the  specific  electronic  structure  of  transition  metal  ions.  Oxide  coatings  based 
on  Ti02  exhibit  higher  refractive  index  and  have  already  been  used  in  the  glass  industry^.  Electronic 
d-d  transitions  can  be  excited  in  the  visible  range  giving  rise  to  colored  transition  metal  oxide  gels. 
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When  transition  metal  ions  exhibit  several  valence  states,  mixed  valence  compounds  are 
obtained.Then  a  strong  absorption  in  the  visible  range  due  to  optically  activated  electron  hopping 
between  metal  ions  in  different  valence  states  is  usually  observed. 

Transition  metal  oxide  gels  can  be  used  as  electrochromic  materials  via  reversible  optical 
switching  performed  through  electrochemical  redox  reactions^^d4,i5  Theimaly  activated  electron 
hopping  leads  to  semiconducting  properties'^.  When  T.M.O  coatings  are  dipped  into  a  solution,  a 
semiconductor-electrolyte  junction  occurs  allowing  a  charge  separation  process:  photoelectrochemical 
devices  are  based  on  this  phenomenom^^. 

The  chemical  synthesis  of  gels  is  performed  in  organic  solutions  around  room  temperature. 
Organic  molecules  or  dyes  can  therefore  be  easily  incorporated  into  an  oxide  gel  matrix.  These  mixed 
organic-inorganic  compounds  provide  new  opportunities  as  optical  coatings  for  applications  such  as 
lasers,  non  linear  optics  or  luminescent  materials. 

This  paper  presents  some  exemples  of  extrinsic  or  intrinsic  optical  properties  of  transition  metal  oxide 
based  gels. 


2.  RESULTS  AND  DISCUS.SION 


2.1  Homogeneous  doping  and  stabilisation  of  metastable  phases 

Photo-assisted  electrolysis  of  water  at  the  surface  of  titanium  dioxide  was  first  reported  by 
Fujishama  and  Honda'^.  Most  papers  published  in  the  literature  concern  Ti02  rutile  which  is  the 
thermodynamically  stable  phase  of  titanium  dioxide.  However  the  flat  band  potential  of  Ti02  rutile 
beeing  close  to  OVolts  (vs  positive;  values  so  that  photoreduction  of  v.  iter  cannot  be 

performed  at  the  surface  of  Ti02  rutile  electrodes  without  the  application  of  an  external  voltage. 
Moreover  the  band  gap  of  Ti02  is  rather  large  (3.2  eV  for  anatase  and  3.05  for  rutile)  and  does  not  fit 
the  solar  energy  spectrum  Thus  the  yield  for  solar  conversion  of  these  oxides  is  quite  low  (1%). 
An  extension  of  the  spectral  response  of  Ti02  towards  the  visible  part  of  the  spectrum  can  be 
performed  by  doping  with  Cr3+,  while  Al3+  doping  can  favor  kinetics  of  the  minority  carriers.  Cr3+- 
Al3+doped  Ti02  anatase  electrodes  can  be  synthetized  via  the  sol-gel  process'^.  When  a  solution  of 
1i(OBu")4,  A1(OBuS)3  and  Cr(acac)3  (98%  Ti,  1%  Al,  1%  Cr)  was  spin  coated  onto  a  titanium  foil, 
an  amorphous  film  was  obtained'^.  TTie  amorphous  Ti02  film  is  heat  treated  at  500°C  under  air  or  an 
hydrogen-argon  gas  mixture  leading  respectively  to  a  stoichiometric  or  non  stoichiometric  film  of 
Ti02  anatase  as  evidenced  by  x-ray  diffraction*^.  Cyclic  voltammetry  experiments  were  carried  out 
under  chopped  light  for  different  Ti02  films.  These  voltammograms  recorded  in  the  potential  range  - 
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IV  to  +0.5V  (vs.  SCE)  exhibit  the  characteristics  of  n-type  semiconductors  photodiodes.  The 
photocurrent  increases  as  a  positive  bias  is  applied  (Figure  la). 


Fig  la.  Cyclic  voltammogram  ofCr^^-Al^-^  doped  TiOz  anatase  film  recorded  under  shopped  light. 
Figlb.  Evolution  of  the  flat  band  potential  Vpp  versus  pH  for  Cr-^+-i4/'^+  doped  TiOz  anatase  film. 


The  value  of  the  photocurrent  depends  on  cristallinity  and  stoichiometry  of  the  oxide  film.  It 
decreases  from  5  mA/cm2  for  non  stoichiometric  Ti02  anatase  down  to  300  pA/cm^  for 
stoichiometric  Ti02  and  finally  to  50  pA/cm^  for  the  amorphous  Ti02  xerogel.  The  onset  of 
photocurrent  for  non  stoichiometric  Ti02  anatase  films  was  measured  at  different  pH  values  ranging 
from  2  to  14.  The  flat  band  potential  was  determined  at  different  pH  values  from  the  onset  of  the 
photocurrent  following  the  method  proposed  by  Butler^O.  The  flat  band  potential  varies  linearly  with 
pH.  The  slope  of  65  mV  pH-1  suggests  a  nemstian  behavior  (Fig.  lb).  Moreover  the  value  of  the  flat 
band  potential  for  Ti02  anatase  films  prepared  via  sol  gel  technique  is  negative  with  respect  to  the 
H+/H2  potential. 

This  is  not  the  case  for  Ti02  rutile  electrodes  prepared  by  conventional  techniques,  ac  photocurrent 
mea.surements  were  also  carried  out  in  order  to  determine  the  quantum  efficiency  versus  wavelength 
recorded  at  OV  (vs. SCE)  for  both  (1%  Cr-1%  Al)  doped  and  undoped  Ti02  anatase  fiims.  The 
quantum  efficiency  of  these  films  determined  from  ac  photocurrent  measurements  was  of  about  50% 
(at  380  nm).  A  small  extension  of  the  photoresponse  towards  the  visible  range  was  observed  for  (1% 
Cr-1%  Al)  doped  Ti02  anatase'^.  This  example  emphasises  that  metastable  phases  with  better 
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photoelectrochemical  properties  can  be  synthesized  via  the  sol-gel  route.  Homogeneous  doping  is 
also  obtained  by  mixing  three  components  at  a  molecular  level. 


2.2  Large  concentration  of  luminescent  probes  can  be  reached  in  amorphous  gel  matrices 


Ti02  based  gels  have  been  synthetized  following  a  proce'^";.  p:  cviously  described  through 
hydrolysis  and  polycondensation  of  Ti(OBu")4  m  an  n-butanol-acetic  acid-  water  mixture^l.  The 
ratios  acetic  acid  /Ti  and  water/  Ti  are  respectively  1.5  and  2.77.  The  luminescente  probe  Eu^"^  was 
introduced  at  different  concentrations  between  1%  and  24%  (atom  %)  as  EuC!3  dissc’ved  in  the 
hydrolysis  solution  (  10%  w/w  water  diluted  in  butanol  )22. 

Optical  absorption  spectra  of  Eu^"*"  doped  titanium  oxide  based  gels  are  characterized  by  the  presence 
of  three  main  absorption  bands  located  at  530mi,  465nm  and  393. 5nm.  They  correspond 

respectively  to  ^Eq . >5Di  ,  ^Fq . >^D2  and  ^Fq - >^03  transitions,  the  latter  transition  being 

the  most  intense.  Its  extinction  coefficient  decreases  weakly  for  the  largest  Eu(III)  concentration 
suggesting  a  limit  of  solubility  for  the  luminophore  in  titanium  oxide  based  gels  smaller  than  24%.  A 
typical  emission  spectrum  for  Eu3+  doped  titanium  oxide  based  gels  is  shown  in  figure  2. 
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Figure  2  Emission  spectra  of  Eu  (///)  in  a  titanium  oxide  based  gel 

All  transitions  are  related  to  the  emission  of  Eu(IIl)  ion  73,24  Attributions  and  energy  positions  of 
these  transitions  are  reported  in  figure  2.  The  ^Dq - >^f2  transition  is  sensitive  to  the  chemical  bond 
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between  Eu(III)  and  its  surrounding  ligands23.24.25_  jhe  relative  intensitiy  RI  between  the  two  main 

emission  transitions  (^Dq . >2F2/  ^Dq - >2Fi)(  RI  =3.3)  is  quite  different  from  those  reported  for 

aqueous  solutions  (RI  =0.43)24  but  close  to  those  of  Eu^+doped  silica  gel  heat  treated  at  200°C 
(Rl=3. 48)23.  Following  the  arguments  developped  by  R.  Reisfelfd  et  al  23  for  silica  gels  such 
emission  spectra  can  be  related  to  the  fact  that  Eu(IIII)  cations  could  be  bonded  to  titanium  oxide 
polymers  via  (Ti-O)n  Eu  bonds.  Such  a  reaction  occurs  even  if  these  gels  are  not  dried  and  thus  still 
contain  a  large  amount  of  solvent  molecules.  This  must  be  related  to  the  highei  reactivity  of  transition 
metal  alkoxides.  Interaction  between  the  luminescent  probe  and  the  polymeric  Ti02  network  is 
already  observed  at  room  temperature  while  it  only  occurs  around  200°C  in  the  case  of  silicon  oxide 
gels.  The  intensity  of  emission  increases  with  the  concentration  in  Eu(IlI)  except  for  the  highest 
concentration  (24%).  This  suggest  that  about  20%  of  Eu(III)  can  be  introduced  in  this  Eu3+  doped 
titanium  oxide  based  gel  without  quenching  the  fluorescence22.  It  emphasizes  the  interest  of 
amorphous  matrices. 

2.3  Organic  molecules  inside  sol-gel  matrices 

The  chemical  synthesis  of  gels  is  performed  in  organic  solutions  around  room  temperature. 
Organic  molecules  or  dyes  can  therefore  be  easily  incorporated  into  an  oxide  gel  matrix.  Extensive 
work  is  being  performed  by  B.Dunn  at  al  6,7,11  and  by  R.  Reisfeld  et  al  8.9,10,26  Luminescent  dyes 
(Rhodamine  6G,  Rhodamine  640,  Coumarine  4)  which  molecular  structures  are  shown  in  figure  3 
have  been  incorporated  in  titanium  ,  zirconium  and  aluminium  oxide  based  gels22.27 
Rhodamine  are  laser  dyes  which  belong  to  the  xanthene  family.  Their  optical  properties  (abs  jrption- 
luminescence)  result  from  n-n*  transitions  arising  from  delocalized  7i  electrons28.  They  lead  to  strong 
absorption  bands  located  at  531nm  for  R6G  and  at  569  nm  for  R640  in  water-alcohol  solution26.  a 
single  absorption  band  is  observed  when  such  dyes  are  diluted  (C<  10'^  M).  When  the  dye 
concentration  increases  in  a  polar  solvent  rhodamine  molecules  tend  to  form  dimers26.29  giving  rise 
to  two  extra  absortion  bands  located  for  R6G-R6G  at  499  nm  and  526  nm.  The  first  one  is  quite 
strong  and  is  the  dominant  component  of  the  absorption  spectrum  of  a  R6G  water  solution  at 
concentrations  greater  than  lO'^^M  (fig  4),  Since  such  dimers  do  not  fluoresce  this  dimerization  of 
dyes  in  the  ground  state  decreases  luminescence  efficiency30.  The  absorption  spectrum  of  R6G 
dissolved  at  a  concentration  of  10‘2  M  inside  a  Ti02  based  xerogel  is  also  shown  in  figure  4.  The 
amount  of  dimeric  species  is  negligible  even  for  such  a  high  concentration.  This  behavior  has  been 
observed  for  other  matrices  based  on  zirconium  and  aluminum  oxide  gels  22 


44  SP/f  Vo!  1328  SnI  Gel  Optics  1 19901 


This  effect  has  already  been  reported  in  silica  sol-gel  glass  and  assigned  to  the  the  formation  of 
silica  cages  separating  luminescent  ions^0_ 


Wavelength  (nm) 


Figure  3.  Molecular  structures  of  some  laser  dyes 

Figure  4.  Absorption  spectra  ofR6G  in  water  (dotted  line)  and  in  a  titanium  oxide  based xerogel  (full 


gel  (tg),  C=  10-^M  (full  line);  5c  gel  (10  tg)(dotted  line) ,  C=  lO^M,  5d Xerogel .  C=  lO-^-M(  full 
line)) 
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Typical  emission  spectra  of  rhodamine  in  titanium  oxide  based  gel  are  shown  in  figure  5. 
They  are  characterized  by  the  presence  of  three  main  bands  A,B,  and  C  located  at  598nm,  623nrn  and 
645nm  respectively,  for  a  dye  concentration  of  lO'^M.  The  strong  band  A  shifts  toward  the  red  part 
of  the  spectrum  (  from  556  nm  for  C=10'5m  to  598nm  for  C^IO'^M)  when  the  dye  concentation 
increases.  This  red  shift  may  be  attributed  to  a  specific  adsorption  of  excited  state  dye  molecules  on 
the  polymeric  oxide  network.  Such  a  phenomenum  leads  to  a  stabilization  of  the  excited  state  arising 
from  a  restricted  freedom  of  the  rotational  movements  of  the  dye.  As  the  dye  concentration  increases 
the  pores  of  the  gel  become  more  and  more  crowded  and  a  different  configuration. may  thus  be 
adopted  by  the  dyes.  Bands  B  and  C  are  quite  broad.  Their  fluorescence  maxima  shift  slightly  (  2-5 
nm)  towards  the  red  part  of  the  visible  spectrum  and  only  for  the  higher  concentrations.  At  the  same 
time  their  relative  intensities  compared  to  band  A  strongly  increase.  Such  bands  are  probably  due  to 
the  fluorescence  of  excimers  arising  from  associations  between  dyes  in  the  excited  and  dyes  in  the 
ground  state  (R6-G*-R6G)n)2^.  Upon  drying  xerogels  also  exhibit  fluorescence  properties.  However 
even  if  the  concentration  of  dye  by  unit  volume  is  increased  in  the  dried  state  (because  of  solvent 
evaporation)  the  fluorescence  spectra  look  like  those  of  diluted  sample  (fig.  5d).  Band  A  is  blue 
shifted  and  band  B  decreases  in  intensity  while  band  C  related  to  excimers  completly  vanishes  (fig. 
5d).  This  observation  supports  again  the  assumption  that  in  the  dried  state  molecular  dilution  of  dyes 
should  occur,  probably  because  of  a  preferential  adsorption  of  the  dyes  at  the  surface  of  the 
amorphous  oxide^^. 

All  these  phenomena  are  also  observed  for  R640  but  in  a  much  more  exalted  way^^.  For 
concentrations  of  about  lO'^  M  band  A  vanishes  totally  while  only  strong  bands  B  and  C  are  only 
observed  (fig. 6).  One  of  the  main  problem  of  R640  is  related  to  the  fact  that  at  low  pH  <2  the 
protonated  form  is  converted  into  the  colorless  lactonic  form^.  Many  transparent  silica  sol  gel 
matrices  are  synthesized  at  low  pH  (acid  catalysis)^.  Our  first  goal  was  to  stabilize  such  a  dye  by 
using  transparent  transition  metal  oxide  gels  synthesized  in  the  presence  of  organic  acids  (.ACOH)'^ 
or  chelating  ligands  (acetylacetone)32  so  that  the  synthesis  can  be  performed  into  w’eakly  acidic 
medium  typically  pH>3.  The  result  was  actually  not  as  expected.  R640  dissolved  into  titaniuni  oxide 
based  gels  at  a  concentration  of  lO'^M  leads  to  a  colorless  lactonic  form  within  five  days.  Such  a  fast 
degradation  has  probably  a  photochemical  origin  since  no  lactonisation  is  observed  when  the  gel  is 
kept  in  the  dark.  As  evidenced  from  UV-  visible  and  ESR  measurement, Ti-^+  and  super  oxide  ions 
(O2')  may  be  involved  in  such  a  process^^.  Therefore  the  synthesis  of  other  transparent  matrices 
which  do  not  exhibit  redox  properties  was  perfo.Tned.  Zirconium  and  aluminum  oxide  based  gels 
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were  synthesized  in  the  same  medium  as  titanium  oxide  gels.  In  these  gels,  R64()  does  not  present 
any  photodegradation  even  after  one  year^^. 

Coumarine  4  has  also  been  incorporated  into  transition  metal  oxide  gels.  The  most  attractive  feature  of 
coumarin  is  the  excited  state  acid-base  equilibrium  which  develops^^.  Four  diflerent  fluorescent 
excited  forms  can  exist  namely  anionic  A*,  cationic  C*-  neutral  N*  and  zwitterionic  Z*.  The  resulting 
Stoke's  shift  is  large  and  can  be  advantageously  used  for  laser  pumping.  In  alkoholic-water  mixtures 
only  three  forms  A*  (440nm),  N*  (380-390nm)  and  Z*  (480nm)  with  similar  relative  intensities  are 
observed  in  the  emission  spectra.  The  emission  spectra  of  coumarine  4  in  titanium  oxide  based  gels  ( 
c^lO'^M)  is  shown  in  figure  7.  The  anionic  form  has  disapeared  and  only  N*  (380-390nm)  and  Z* 
(480nm)  species  are  observed. 


Wavelength  (nm)  Wavelength  (nm) 

Figure  6  Emission  spectra  ofR640  in  titanium  oxide  based  gels:  C=10'^M  (dotted  line);  C=  IQ-^M 
(full  line) 

Figure  7  Fluorescence  spectrum  of  Coumarine  4  in  titanium  oxide  based  gels 

Titanium  oxide  or  zirconium  oxide  based  xerogels  present  also  luminescent  properties.  The 
emission  spectra  of  CR4  in  titanium  oxide  based  xerogels  shows  only  the  presence  of  a  large  band 
located  at  400-410  nm.  A  similar  emission  spectrum  with  a  much  higher  intensity  is  observ'ed  for 
zirconium  oxide  based  xerogels  (A,=  408  nm  ).  T.Ts  transition  cannot  be  assigned  to  a  blue  shifted 
cationic  form  C*  of  coumarine  4  because  this  latter  is  stable  only  at  very  low  pH.  This  transition 
corresponds  probably  to  the  red  shifted  luminecence  band  of  the  neutral  fomi.  This  phenomenum 
probably  arises  from  a  preferential  adsorption  of  the  excited  N*  state  in  the  polymeric  T.M.O. 
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network^l.  The  disapearence  of  charged  ionic  species  A*,  Z*  in  xerogel  arises  probably  from  a  bad 
screening  of  the  charges  resulting  from  the  lack  of  solvent.  Titanium  and  zirconium  alkoxydes  and 
their  hydrolyzed  derivatives  are  very  reactive  species^-33.  Coumarine  4  has  an  hydroxyl  group  which 
should  form  via  alkohol  interchange  CR4-0-M  species  (  M=  Ti,  Zr).  The  dye  can  thus  be  chemically 
bonded  to  the  polymeric  backbone. 

2.4  Organic  molecules  bonded  to  sol-gel  polymers. 

Organic  groups  can  also  be  directly  bonded  to  an  inorganic  network.  Chemistry  plays  a  key 
role  for  the  synthesis  of  these  hybrid  materials.  Ormocers  are  extensively  studied34.  xheir  chemistry 
is  close  to  that  of  silicones.  They  are  obtained  via  the  hydrolysis  of  organo  sustituted  silicic  acid 
esters  of  the  general  formula  Si(OR)4.xR'x  where  R’  is  a  non  hydrolyzable  group  bonded  to  silicon 
through  a  Si-C  bond.  However  such  chemical  tayloring  cannot  be  directly  extended  to  transition 
metals.  The  more  ionic  M-C  bond  would  be  destroyed  upon  hydrolysis.  Organic  fonctionnalisation  of 
a  transition  metal  oxide  backbone  can  be  however  performed  using  complexing  agents32,4.  These 
organic  groups  act  as  network  modifiers.  They  can  of  course  contribute  to  a  specific  optical  property 
such  as  luminescence  or  non  linear  optic  but  their  presence  can  also  lead  to  strong  changes  in 
chemical  and  optical  properties  as  shown  in  the  two  following  examples.  The  first  one  concerns 
coloration  changes  in  electrochromic  display  devices  based  on  amorphous  titanium  oxide  layers^^, 
while  the  second  one  is  related  to  the  synthesis  of  stable  colloids  with  improved  photochemical 
properties'^. 

Ti02  .xerogel  layers  have  been  synthesized  from  acetic  acid  modified  alkoxide  precursors'^. 
The  electrochromic  layer  was  made  by  spin  coating.  In  such  a  procedure  a  drop  of  Ti(0Bu")30Ac  - 
BuOH  solution  is  deposited  onto  a  spinning  ITO  electrode.  Hydrolysis  occurs  spontaneously  onto  the 
substrate  leading  to  transparent  thin  layers  about  0.3  p.m  thick.  An  amorphous  Ti02  based  xerogel  is 
obtained.  CP  MAS  NMR,  IR,  XANES  -EXAFS  show  that  all  acetate  groups  have  not  been 
hydrolyzed.  Chemical  analysis  of  the  xerogel  confirms  that  about  0.30  acetate  groups  per  titanium  are 
still  chemically  bonded'^.  Electrochromic  properties  of  these  layers  were  studied  using  the  following 
electrochemical  cell :  modified  TiOi  xerogel  /  LiClOa-lM  Propylen  carbonate/  Pt.  The  layer  reversibly 
turns  from  transparent  to  blue  within  about  Is  by  applying  a  voltage  of  ±  2Volts.  The  energy 
consumption  for  coloration  and  bleaching  is  about  lOmC/cm^  for  an  optical  density  of  0.5. 

When  an  electrochomic  layer  made  from  spin  coating  of  a  butanolic  solution  of  Ti(OBun)4  is  tested  in 
the  same  conditions,  optical  switching  is  also  obtained  but  the  coloration  is  grey  ii'.stead  of  blue '3. 
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Such  a  difference  in  coloration  can  be  assigned  to  the  presence  of  acetate  groups  chemically  anchored 
to  the  titanium  oxide  polymeric  network.  The  ligand  field  around  titanium  is  therefore  modified  and 
the  optical  spectrum  of  these  two  layers  are  slightly  different.  As  a  consequence  different  colours  can 
be  obtained.  The  chemical  modification  of  alkoxides  precursors  provides  an  interesting  way  for  the 
synthesis  of  organically  modified  electrodes. 

Transparent  Ti02  sols  are  usually  produced  via  the  hydrolysis  of  TiCl4  in  water  or  Ti(OPr')4 
in  acid  aqueous  solutions^^.  Particles  abou'  lOOA  in  diameter  are  obtained  which  exhibit  good 
photochemical  characteristics^S.  However  these  sols  only  absorb  U.V.  light  and  are  not  stable  above 
pH  3.  Transparent  Ti02  based  colloids  have  been  synthesized  by  F.Babonneau  et  al36  via  the 
hydrolysis  of  the  modified  precursor  Ti(OPr')3acac.  These  colloids  have  an  hydrodynamic  diameter 
of  about  30A  and  are  made  of  an  oxide  core  close  to  Ti02  anatase  surrounded  by  a  shell  of  protecting 
ligands  (acac)  probably  bonded  to  titanium  surface  sites^^.  Organic  chelating  agents  have  a  double 
role.  They  increase  the  chemical  stability  of  Ti02  modified  colloids  that  remain  stable  up  to  pH  10. 
Moreover,  charge  transfer  from  acetylacetonato  ligands  to  the  titanium  atom  gives  rise  to  a  strong 
absorption  of  visible  light  that  improves  the  photochemical  efficiency  of  Ti02  sols.  They  turn  blue  or 
pink  under  visible  ligth  irradiation.  Their  color  is  due  to  the  reduction  of  some  TH+  to  Ti3+  ions.  It 
depends  on  the  ligand  field  surrounding  Ti3+  as  evidenced  from  ESR  experiments  37.  These  modified 
colloids  are  stronger  reducing  agents  than  other  Ti02  colloids. 

3.CONCLUSION 


Main  advantages  of  sol-gel  chemistry  related  to  some  optical  propenies  of  TMO  gels  have  been 
illustrated  by  several  stinking  examples: 

-Mixing  of  components  at  a  molecular  level  and  synthesis  of  metastable  phases  can  be  performed. 
-Amorphous  matrices  inside  which  a  large  amount  of  luminescent  probes  can  be  incorporated  without 
fluorescence  quenching. 

-Room  temperature  synthesis  allows  a  good  compatibility  between  organic  molecules  and  oxide  based 
networks. 

This  latter  point  together  with  the  fact  that  coatings  and  fibers  can  be  easily  obtained  via  the  sol-gel 
process  should  lead  to  the  most  promissing  future  of  sol  gel  optics. 
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Cylindrical  monolithic  silica  dry  gel  bodies,  up  to  250  grams  in  weight,  are 
routinely  produced  from  alkoxide  sols  free  of  colloidal  particles,  using  tetraethyl- 
orthosilicate  precursor.  These  dry  gel  bodies,  after  sintering  in  controlled 
chlorinated  atmosphere,  yielded  clear,  bubble  free,  dense  glass  rods  3. 0-4.0  cm  in 
diameter  and  15-20  cm  in  length.  Uv-vis-ir  spectra,  of  properly  dehydrated  and 
sintered  glass  samples  tested  from  180  nm  to  3200  nm,  showed  no  detectable 
absorption  peak  at  2700  nm  and  a  UV  band  edge  at  around  185  nm;  implying  that 
resultant  glasses  are  reasonably  free  of  impurities  and  hydroxyl  ions. 

Effect  of  sol  composition  on  gel  ultrastructure  was  carefully  investigated.  It 
was  found  that  by  careful  choice  of  sol  composition,  type  and  amount  of  catalyst 
and  aging  conditions,  it  is  possible  to  tailor  the  gel  ultrastructure  for  ease  of 
drying.  For  example,  we  have  been  able  to  produce  gels  with  unimodal  pore 
distributions,  and  average  pore  sizes  in  the  range  from  8  to  300  A  and  surface 
area  in  the  range  from  150  -  1100  m^/gram.  As  a  result  of  this  ability  to  tailor 
gel  ultrastructure,  including  pore  size,  bulk  density  and  skeletal  density  of  the  gel 
bodies,  we  have  been  able  to  optimize  gel  ultrastructure  to  maximize  its  strength, 
so  that  it  can  withstand  capillary  forces  generated  during  the  drying  processes. 

The  result  of  this  preliminary  investigation  has  led  us  to  believe  that  high 
quality  fused  silica  glass  of  much  larger  sizes  can  be  produced  by  the  alkoxide 
route;  and  experiments  to  scale  up  the  process  is  under  way.  Up  to  date  results  of 
this  investigation  will  be  presented  at  the  conference. 
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Commercially  available  silica  glasses  today  are  fabricated  by  electrical 
melting  of  high  quality  sand  or  by  vapor  deposition.  The  highest  purity  silica 
glasses  used  for  transmissive  optical  components  are  produced  by  vapor 
deposition  processes,  primarily  because  in  the  melting  process  it  is  difficult  to 
remove  contamination  existing  in  the  raw  materials  and  also  because  it  is  difficult 
to  prevent  recontamination  of  the  melt  from  its  container  at  the  high  melting 
temperatures.  In  the  vapor  deposition  processes,  the  silica  glass  in  its  final  fomi 
can  be  quite  expensive  because  of  low  processing  rates  and  high  investment  cost 
in  processing  and  pollution  control  equipment.  In  addition,  because  of  the 
difficulty  in  producing  vapor  deposited  glass  in  useful  shapes,  significant  amount 
of  cutting  and  polishing  is  required.  Finishing  costs  therefore,  can  also  be  very 
high.  Our  objective  is  to  evaluate  the  potential  of  producing  glasses  with  optical 
quality  good  enough  for  transmissive  optics  applications,  using  a  process  other 
than  vapor  deposition. 

The  sol-gel  process  using  only  organometallic  precursors  has  the  potential  of 
producing  high  purity  and  extremely  homogeneous  silica  glasses  in  near  net  shape 
form,  using  relatively  low  processing  temperatures.  In  this  approach,  a  desired 
solution  of  a  silica  containing  alkoxide  is  mixed  with  water  and  alcohol.  It  is 
catalyzed  with  an  acid  or  base;  and  the  solution  called  sol  is  poured  into  molds. 
Following  hydrolysis  and  condensation  reactions  in  the  mold,  the  sol  is  converted 
into  a  porous  gel  body.  This  porous  gel  is  then  aged  to  strengthen  the  gel,  dried 
and  sintered  into  a  clear  glass.  The  process  does  not  require  expensive  processing 
equipment  and  pollution  control  is  not  a  significant  issue. 

Thus,  in  spite  of  relatively  expensive  raw  materials  it  is  believed  that  the 
process  can  produce  inexpensive  silica  products^  A  considerable  amount  of 
research  has  gone  on  in  this  field  for  the  last  20  years.  However,  the  success  in 
commercially  producing  large  pieces  of  monolithic  silica  has  been  an  illusive 
target.  The  primary  reason  for  this  is  the  cracking  of  gel  during  drying,  resulting 
from  stresses  in  the  porous  body  generated  by  capillary  pressure  at  the  liquid- 
vapor  interface  within  the  pores^. 

Limited  success  has  been  shown  in  alkoxide  gels  by  using  drying  control 
chemical  additives  called  DCCA^  and  hypercritical  drying-^.  Other  approaches 
where  colloidal  silica  particles  have  been  added  to  the  alkoxide  organometallic 
precursor  sol  also  has  had  limited  success^.  6.  However,  in  this  approach, 
clustering  of  colloidal  particles  resulting  in  formation  of  crystoballite  defects, 
degassing  or  bubble  formation  at  high  temperatures  have  been  problems'^. 
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All  colloidal  silica  sol-gel  processing  has  also  had  some  success^.  But,  in  this 
approach  one  has  to  produce  colloidal  particles  by  vapor  deposition  first  and  then 
proceed  with  sol-gel  processing.  Cost  effectiveness  of  this  approach  is  theref 
questionable.  The  largest  pieces  of  sol-gel  glass  produced  by  sol-gel  process  has 
been  by  a  colloidal  approach  as  well^.  However,  optical  properties  of  glasses 
produced  by  this  approach  is  not  good  enough  for  transmissive  optics.  Based  on 
the  above  prior  art,  we  believe  that  the  best  option  is  to  attempt  to  solve  the 
problems  associated  with  producing  monoliths  using  alkoxides  gels. 

Our  program  in  this  field  started  about  2  years  ago  with  the  our  naivety  in 
not  being  able  to  understand  why  one  can  so  easily  fomi  glass  monoliths  by  vapor 
phase  oxidation  process.  When  halides  of  glass  forming  materials  are  passed 
through  a  flame  to  react,  spherical  soot  particles  are  formed.  These  particles 
coalesce  at  around  650  °C  to  form  a  porous  body  that  can  easily  be  sintered  into 
clear  glass  Monoliths.  The  question  is,  why  can  one  not  make  such  monoliths 
easily  by  sol-gel  process  even  when  the  gel  structure  is  chemically  bonded  from 
liquid  phase  reactions.  This  paper  outlines  an  analysis  of  the  basic  issues  involved 
in  fabricating  monoliths  of  alkoxide  gels  and  how  we  went  about  resolving  these. 
Finally  we  will  present  the  results  of  our  work  at  Orion  Laboratories,  Inc. 

2.  ANALYSIS  OF  CVD  SOOT  PREFORM 

F’irst  of  all,  porous  soot  preform  fabricated  by  axial  vapor  deposition  (NTT) 
was  investigated.  In  this  fabrication  process  the  deposition  temperature  at  the  axis 
of  the  preform  is  at  maximum  and  is  controlled  to  around  650  °C,  with  the 
temperature  at  the  edge  of  the  preform  dropping  approximately  100  °C  below 
that  of  the  axis.  The  bulk  density  of  the  soot  at  axis  is  higher  than  that  of  the 
edges.  However,  the  average  bulk  density  of  such  prefonns  are  in  the  range  of 
0.2  -0.3  gms/cc.  The  bulk  density  of  the  tested  prefomi  was  0.28  gms/cc  and  the 
diameter  of  the  porous  preform  was  28  mm.. 

The  pore  size  distribution  analysis  of  the  preform  was  d  me  for  two  portions 
of  the  preform,  one  sample  close  to  the  axis  and  one  from  the  edge  of  the 
preform.  The  average  pore  radius  of  the  central  part  was  48  A,  and  that  of  the 
edge  was  68  A,  both  with  very  wide  pore  size  distributions.  The  BET  output  of 
the  sample  from  the  edge  is  shown  in  Figure  1 .  It  is  curious  to  note  that  the 
average  pore  size  is  well  within  the  range  of  pore  sizes  that  can  be  obtained  from 
alkoxide  gels  reported  in  literature.  Thus,  the  capillary  force  in  the  pores  due  to 
small  pore  size  can  not  be  the  sole  reason  for  the  cracking  of  alkoxide  gels. 

In  order  to  verify  this,  we  took  a  second  preform  with  similar  pore  size 
distribution  as  mentioned  before  and  dipped  it  in  water  for  a  period  of  time 
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sufficient  to  soak  a  part  of  the  preform  with  water,  and  then  let  it  dry  in 
atmospheric  conditions.  Curiously,  there  was  no  cracking  of  the  preform  similar 
to  that  seen  in  normal  drying  of  porous  gel  of  equivalent  pore  size  when  it  is 
dried  in  atmospheric  conditions.  Tlius,  it  can  be  concluded  that  capillary  force 
exerted  by  water  in  pore  size  in  the  range  of  50-70  A  is  not  large  enough  to  cause 
cracking  of  a  porous  silica  matrix  produced  by  vapor  deposition. 

The  question  that  we  had  to  address  was  therefore  narrowed  to  what  is  the 
difference  between  the  porous  body  produced  by  sol-gel  compared  to  that  of 
vapor  deposition? 

3.  ANALYSIS  OF  DIFFERENCES 

The  key  parameters  of  the  porous  matrix  that  controls  cracking  can  be 
identified  as  follows: 

3.1  Capillary  force  exerted  on  the  porous  body 

The  capillary  force  exerted  on  the  porous  matrix  depends  on  the  pore  radius 
and  the  properties  of  the  pore  fluid.  The  governing  equation  is  shown  below: 

AP=2Ycos0/r  (1) 

For  alkoxide  gels,  the  pore  fluid  is  primarily  a  mixture  of  alcohol  and  water. 
In  the  discussion  above  about  vapor  deposited  preforms,  with  equivalent  pore  size 
and  water  as  a  pore  fluid,  we  have  shown  that  the  capillary  force  by  itself  can  not 
be  a  problem  for  a  silica  matrix.  Thus,  we  have  to  look  beyond  this. 

3.2  Wall  thickness  control  of  porous  matrix 


Resistance  to  cracking  of  a  porous  body  depends  on  the  cross  section  of  the 
matrix  wall  and  its  strength.  Strength  can  be  increased  by  increasing  matrix  wall 
thickness  either  by  reducing  surface  area  per  unit  volume  of  the  gel  or  by 
increasing  bulk  density  of  the  gel.  Thus,  a  comparison  of  these  parameters 
between  vapor  deposited  preforms  and  alkoxide  gel  monoliths  becomes  critical. 
Density  of  vapor  deposited  preform  of  0.28  gm/cc,  is  surely  well  within  the 
capabilities  of  sol-gel  process.  The  surface  area  is  similarly  within  the  capability 
of  sol-gel  process,  as  the  vapor  deposited  gel  showed  surface  area  between  150  to 
/O  mVgm.  Thus,  too  small  a  wall  thickness  cannot  explain  cracking  of  ilkoxide 
gels  either. 


3.3  Strength  of  skeletal  material 


In  vapor  deposited  preform,  the  porous  matrix  is  fused  silica  with  skeletal 
density  of  2.2  gm/cc.  On  the  other  hand,  it  is  difficult  to  attain  a  skeletal  density 
of  2.2  gm/cc  using  the  sol-gel  process.  The  reason  for  this  is  obvious,  if  one 
studies  the  following  gellation  reactions  of  hydrolysis  and  condensation. 

Si(OC2H5)4  +  H2O . >  Si(C2H5)30H  -i-  C2H5OH  (2) 


2Si(0C2H5)30H . >  Si(OC2H5)3  -O-  Si(OC2H5)3  +H2O  (3) 

Since,  sols  are  cast  and  gellation  occurs  in  a  closed  environment,  reaction 
equilibrium  must  inhibit  completion  of  reaction  at  some  point,  and  no  more 
condensation  can  occur,  leaving  considerable  amount  of  alkoxide  radicals  left  in 
the  porous  matrix.  Thus,  the  Si-O-Si  bonds  existing  in  vapor  deposited  preforms, 
giving  it  its  strength,  is  not  fully  formed  in  the  sol-gel  process.  The  aging  step  in 
sol-gel  process,  used  to  enhance  the  strength  of  the  porous  body,  presumably 
decreases  the  amount  of  alkoxide  radicals  in  the  gel.  However,  we  postulated, 
based  on  information  from  literature,  that  this  can  not  be  completely  done  in  a 
closed  system.  Thus,  one  of  our  efforts  was  to  find  ways  to  eliminate  all  alkoxide 
radicals  from  the  porous  gel  prior  to  drying,  without  degrading  any  of  its 
advantageous  features. 

In  summary,  we  felt  that  eliminating  alkoxide  radicals  from  the  gel  prior  to 
drying  must  be  the  key  to  producing  monoliths  successfully. 

4.  EXPERIMENTAL  TAILORING  OF  GEL  PARAMETERS 

Basically,  we  have  worked  with  TMOS,  TEOS  and  Ethyl  silicate  as  our 
precursor  materials,  with  different  concentrations  of  water  and  alcohol  to  form 
sol.  We  used  diverse  combinations  of  catalysts,  and  have  varied  sol  composition, 
aging  and  drying  conditions  with  basic  approaches  as  reported  in  literature,  but 
with  explicit  goal  of  improving  the  resistance  to  cracking  of  the  gel  body  due  to 
anticipated  capillary  forces  during  drying. 

Figures  2  shows  the  ranges  of  pore  sizes  we  can  obtain  by  sol  composition 
and  aging  condition  tailoring.  Figure  3  shows  the  range  of  surface  area  of  dry  gel 
that  can  be  produced.  Figure  4  shows  the  range  of  bulk  densities  of  dry  gel  we 
can  obtain  and  Figure  5  shows  that  through  appropriate  aging  conditions  it  is 
possible  to  produce  alkoxide  gels  with  skeletal  density  of  nearly  2.2  gm/cc’f^’ 
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Thus,  it  is  clear  that  one  can  come  close  to  replicating  the  structure  of  a  vapor 
deposited  preform  structure  with  alkoxide  gels.  We  then  proceeded  to  sinter  these 
dry  gels,  again  with  well  established  sintering  conditions  to  produce  cylindrical 
samples  of  glass. 


5.  RESULTS 


5.1  Size  of  monoliths 


Control  of  each  step  of  the  sol-gel  process,  including  sol  composition,  aging 
conditions,  drying  conditions,  sintering  conditions  and  material  handling  plan  are 
critical  in  producing  high  optical  quality  monolithic  silica.  We  have  produced 
silica  glass  rods  of  up  to  250  grams.  Samples  of  these  will  be  shown  during 
presentation. 

5.2  Optical  properties 

Figure  6  shows  the  uv-vis-ir  spectrum  of  glasses  produced  in  our 
laboratories.  It  can  be  seen  that  we  have  little  difficulty  controlling  the  hydroxyl 
content  of  the  glass,  by  a  conventional  chlorine  drying  process.  We  do  however 
still  have  some  impurity  absorption  problem,  as  the  uv  band  edge  is  still  at 
around  200  nm.  We  have  not  started  working  on  improving  impurity  content  yet 
and  feel  that  with  using  cleaner  chemicals  and  processing  conditions  the  band 
edge  can  be  moved  to  around  185  nm. 

5.3  Glass  quality 

Other  than  visual  inspection,  the  best  test  of  the  glass  quality  is  to  reheat  the 
glass  to  about  2000  °C  and  draw  some  fiber  from  it.  This  permits  evaluation  of 
degassing  &  crystallization  problems.  We  observed  no  such  problems.  We  have 
tested  the  tensile  strength  of  such  fiber  and  compared  them  to  that  of  our  fiber 
drawn  from  vapor  deposited  glass  and  have  not  seen  any  significant  difference. 

6.  CONCLUSION 

We  feel  high  quality  silica  products  can  be  prr  iuced  by  alkoxide  gels  in  a 
more  cost  effective  manner  than  vapor  deposition  and  the  silica  glass  produced 
meets  the  needs  of  components  for  transmissive  optics. 

Our  next  step  is  to  scale  up  the  process  further,  produce  glasses  of  diverse 
useful  shapes  and  evaluate  more  carefully  the  cost  potential  of  this  approach. 
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Figure  1  Pore  Size  Distribution  Analysis  of  the  CVD  Preform 
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Figure  2.  Pore  Size  Tailoring  via  Sol  Composition  and  Aging. 
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Figure  5.  Skeletal  Densities  of  Dry  Gels 
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Figure  6.  UV-VIS-NIR  Light  Absorption  Curve  of  a  Fully  Sintered  Gel  Glass. 
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ABSTRACT 

Pregrooved  glass  disks  were  prepcired  by  the  application  of  tiie  sol-gel 
coating  technique:  the  soda-1 ime-s 1 1  ica  glass  disks  were  coated  with 
polyethylene  glycol ( PEG ) -contain i ng  Si02-Ti02  gel  films,  in  which  fine 
patterns  were  formed  by  pressing  a  stamper.  The  refractive  index  of 
the  pregrooved  layer  was  matched  with  that  of  the  glass  disks  by 
adjusting  the  TIO2  content.  When  the  weight  ratio  of  PEG  with  the 
average  molecular  weight  of  600  to  Si02-Ti0^  oxides  was  unity,  the 
pitch  of  the  pregrooves  formed  was  unchanged  in  comparison  with  that 
of  the  stamper  used  after  the  heat- treatment  at  350 °C,  while  the  land 
height  and  the  land  width  of  the  pregrooves  were  respectively  reduced 
to  60%  and  85%  of  those  of  the  stamper  after  the  heat- treatment .  The 
noise  level  of  the  glass  disks  with  the  pregrooved  Si02-Ti02  layer  was 
lower  by  1-2  dB  than  that  of  the  disks  with  pure  Si02  layer  in  the 
frequency  range  from  0.5  to  2.0  MHz.  The  lower  noise  level  of  the 
former  can  be  ascribed  to  the  agreement  in  the  refractive  index  be¬ 
tween  the  pregrooved  layer  and  the  glass  disks. 

1. INTRODUCTION 


Glass  is  one  of  the  most  promising  substrate  materials  for  optical 
memory  disks  in  terms  of  optical  properties,  stability  in  an  ambient 
atmosphere  and  so  on .  ^  In  optical  memory  disks,  fine  patterns  in  the 
submicron  scale,  so-called  pregrooves  and  preformatts,  are  required 
for  the  tracking  and  the  accurate  random  access.  Pregrooves  are 
convent i ona i ly  formed  by  a  laser  beam  recording  or  by  a  contact 
printing  on  photoresist  coated  on  a  glass  substrate,  developing  of  the 
photoresist  and  subsequent  etching  of  the  glass  substrate . These 
techniques,  however,  involve  complicated  processes  and  need  expensive 
equipments.  To  overcome  these  difficulties,  the  present  authors  have 
proposed  a  novel  technique  to  form  pregrooves  on  glass  substrates, 
based  on  the  sol-gel  coating  process. The  technique  consists  of  the 
following  simple  steps:  (1)  formation  of  an  organic  polymer-containing 
gel  film  on  a  glass  substrate,  (2)  patterning  on  the  gel  film  by 
pressing  a  stamper  against  the  film,  and  (3)  heat-treatment . 


in  the  present  work,  pregrooves  are  formed  on  soda- i  ime- s i 1 i ca  glass 
disks  of  130  mm  in  diameter  using  polyethylene  glycol (PEG) -containing 
Si0^-Ti02  gel  films  and  the  qualities  such  as  dimension  accuracies, 
optical  properties,  and  noise  levels  of  the  pregrooved  glass  disks  are 
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2 .  EXPERIMENTAI 


2.1.  Preparation  of  coating  solu- 
t  ions 


The  preparation  procedure  of  the 
coating  solution  is  shown  in  Fig.l. 
The  Si02-Ti02  system  was  chosen  for 
the  present  study,  since  the  gel 
derived  Si02-Ti02  glass  films 
provided  soda- 1 1 me - s 1 1 i ca  glass 
substrates  with  an  excellent  weath¬ 
ering  resistance,  and  since  their 
refractive  index  was  easily 
controlled  by  adjusting  the  Ti02 
content.®’^  The  procedures  are 
essentially  the  same  as  those 

Q  Q 

described  previously.’^  Silicon 
tetraethox i de  (SiiOEt)^)  in  ethanol 
(Eton)  was  first  partially  hydro¬ 
lyzed  with  water,  containing  3  wt% 
liCl  ,  at  room  temperature  for  30 
min;  the  molar  ratios  of  EtOH  and 
water  to  SiiOEt)^  were  5  and  6, 
respectively.  An  appropriate 
amount  of  titanium  tetra-n-buthox- 
ide  (Ti(O-nBu)^)  diluted  with  EtOH, 
the  molar  ratio  of  TiCO-nBu)^  to 
EtOH  being  20,  was  then  poured  into 
the  solution  and  the  stirring  was 
continued  for  additional  30  min. 
The  solution  obtained  was  further 
diluted  with  EtOH  to  control  the 
film  thickness.  PEG,  of  which 
average  molecular  weight  was  600, 
was  then  added  to  the  solution  and 
stirred  for  10  min.  The  clear  and 
homogeneous  solution  obtained  in 
this  way  served  as  the  coating 
so  1 ut ion . 

2.2.  Pregrooving  on  glass  disks 


The  pregrooving  process  is  schemat¬ 
ically  shown  in  Fig. 2.  A  chemical¬ 
ly  strengthened  soda - 1 ime - s i 1 1 ca 
glass  disk,  which  was  130  mm  in 
diameter  and  1.2  mm  in  thickness, 
was  coated  with  the  F’EG-contal  n  Ing 
SlOo-TiO^  solution  in  a  spinning 
method  in  an  ambient  atmosphere 
(process  (a)).  A  commercially 
available  poi ycarbonate ( PC  )  sub¬ 
strate  with  pregrooves  of  1.6  pm 


SI(OEt)4  +  EtOH  +  H2O  +  HCI 


_ « _ 

y  Stirring  at  R.T.  ^ 


TI(0-nBu)4 

+ 

EtOH 


Fig.l.  Preparation  procedure 
of  polyethylene  glycol(PEG)- 
containing  Si02-Ti02  solutions. 


Stamper 


Patterned 
gel  film 


Pregrooved 
glass  substrate 


Fig. 2.  Pregrooving  process  by 
the  sol-gel  method;  (a)forma- 
tion  of  a  gel  film  on  a  glass 
substrate,  ( b ) pa t tern i ng  on  the 
gel  film,  ( c ) heat- treatment , 
and  (d)the  pregrooved  glass 
substrate . 
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pitch  and  122  nm  depth  was  press#^d  against  the  resultant  gel  film 
(process  (b)).  After  the  film  became  hard,  the  stamper  was  removed 
and  the  patterned  gel  film  was  heat-treated  at  350 °C  for  15  min  in  air 
using  a  clean  oven  to  decompose  PEG  in  the  gel  film  and  to  be  densi- 
fied  (process  (c)).  Through  the  above  processes,  the  pregrooved  glass 
disk  with  the  negative  pattern  of  the  stamper  was  obtained  (process 
(d)  )  . 

2.3.  Evaluation  of  pregrooved  glass  disks 

The  refractive  indices  of  the  coating  films  were  calculated  from  the 
reflectivity  of  the  substrates  with  the  films  using  equation  (1), 

Rro=(nc^-nin2)"/(nc^+nin2)^  (1) 

where  n^  is  the  refractive  index  of  the  coating  film,  is  the  re¬ 

fractive  index  of  air  (n2  =  l),  and  n2  is  the  refractive  index  of  the 
substrate.  The  reflection  spectra  of  the  substrate  with  the  film 
show  wavy  patterns  due  to  the  interference  effect.  When  n(,>n2.  is  a 
peak  of  the  reflection  spectra  of  a  half  infinite  substrate  witn  the 
film,  while  when  n^<n2.  ^  valley  of  the  reflection  spectra,^® 

Glass  substrates,  of  which  the  one  side  is  roughened  and  painted 
black,  were  used  as  the  half  infinite  substrate.  The  reflectivity  was 
measured  using  a  spectrophotometer  (U-3400,  Hitachi,  Japan).  Dimen¬ 
sions  such  as  land  height  and  land  width  of  pregrooves  formed  were 
measured  using  a  scanning  electron  microscope  (JEM-200CX,  JEOL, 
Japan » .  The  weathering  tests  for  glass  disks  with  and  without  coat¬ 
ings  were  carried  out  using  a  pressure  cooker  test  chamber  (TPC-441, 
Tabai-Espec,  Japan).  The  noise  levels  were  measured  using  a  conven¬ 
tional  optical  disk  tester. 

3. RESULTS  AND  DISCUSSION 


3.1.  Organic  additives  for  fine  patterning 

The  organic  additives  examined  in  the  previous  study  were  listed  in 
Tabi  _1  with  their  chemical  formulae  and  fine  patterning  characteris¬ 
tics  Polyvinyl  alcohol  and  cellulose  acetate  were  not  suitable 
beca  sc  of  their  insufficient  solubilities  in  the  ethanol  solutions. 
Hyd r  )xypropy  1  cellulose  produced  gel  films  which  were  too  hard  to 
embo' s  fine  patterns.  In  cellulose  nitrate,  fine  patterns  were  formed 
on  t.ie  glass  substrates  after  the  heat- treatment ,  but  the  optical 
trari'mission  of  the  films  obtained  was  low.  This  poor  optical  proper¬ 
ty  of  the  films  was  due  to  pits  and  cracks,  which  were  probably  caused 
by  the  violent  combustion  of  the  additive  during  the  heat- treatment . 
Eormamide,  which  was  studied  Intensively  as  a  drying  control  chemical 
additive  (DCCA),  had  much  Influence  on  the  gelation  of  the  sols  but 
was  not  suitable  for  leaving  fine  patterns.  On  the  other  hand,  poly¬ 
ether  glycols  such  as  polyethylene  glycol  (PEG)  and  poly tetramethylene 
glycol  were  found  to  be  the  most  suitable  for  fine  patterning:  they 
had  sufficient  solubilities  in  ethanol  solutions  and  no  influence  on 
the  transparency  of  the  resultant  glass  films.  The  effects  of  the 
addition  of  PEG  on  the  viscosity  of  the  solution  and  on  the  hardness 
of  the  gel  films  are  described  in  part  (2)  of  this  two-part  paper. 
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Table  1.  Organic  additives  examined  and  the  patterning  characteristics 


Organic  additives 

Formula 

Patterning 

Remarks 

Polyvinyl  alcohol 

— {cHjCHlOH)^ 

X  I 

I 

(PVA) 

Cellulose  acetate 

-{c6H803(0C0CH3) 

X  ! 

Low  solubility  In  alcohol 

I 

Cellulose  nitrate 

-{C6H303(N03)2V" 

A 

Poor  optical  property 

Hydroxypropyl  cellulose 

-fC6H705(C3H60H)3^ 

X 

Hard  gel  film 

(HPC) 

Polyethylene  glycol 

Ho{c2H40}-^  H 

O  I 

I 

(PEG) 

Polytetramethylene  glycol 

HOic^HgOh- H 

I 

o 

I  Good  optical  property 

(Terathane®  ) 

Formamide 

HCONHj 

X 

Hard  gal  film 

X  Failure  A  Fair  O  Excellent 


The  amount  of  polyether  glycols  added  to  the  coating  solutions  is  one 
of  the  most  Important  factors,  which  determine  the  characteristics  of 
the  patterns  formed.  As  the  content  of  polyether  glycols  in  the  gel 
films  was  increased,  the  time  permitted  to  form  patterns  in  the  gel 
films  was  prolonged.  However  a  large  amount  of  polyether  glycols 
caused  large  shrinkage  of  the  films  during  the  heat- treatment  and  made 
the  obtained  patterns  dull.  A  decrease  in  the  content  of  polyether 
glycols  in  the  gel  films  made  the 
gel  films  hard  and  shortened  the 
time  permitted  for  patterning. 

Under  the  conditions  examined  in 
the  present  study,  the  optimum 
weight  ratio  of  PEG,  of  which 
average  molecular  weight  is  600 
(PEG600),  to  S102-Ti02  oxides  is  in 
the  range  from  0.75  to  1.0. 

3.2.  Refractive  index  of  the  films 

Figure  3  shows  the  variations  of 
refractive  index  of  91S102’9T102 
(in  mol%)  films  with  heat-treat¬ 
ment:  open  and  closed  circles  are 
respectively  for  the  films  obtained 
without  PEG  and  with  the  addition 
of  PEG.^  The  weight  ratio  of 
PEG600  added  to  91S102-9Ti0o  was 
unity.  The  refractive  index  of  the 
film  obtained  without  PEG  almost 
agrees  with  that  of  the  glass 
substrate  (=1.51)  after  the  heat- 
treatment  at  400 °C:  however,  the 
index  of  the  film  with  addition  of 


SPIt  Vnl  1328  Si3  GrI  Opl:t  s  3  990  bb 


PEG  is  only  about  1.47  even  after  the  iieat- treatment  at  500  °C.  It  has 
thus  been  found  that  the  incorporation  of  PEG  into  Si02-Ti02  gel  films 
led  to  much  lower  refractive  index  after  the  heat- treatment  at  temper¬ 
atures  over  300  °C .  which  resulted  from  the  increase  in  porosity  of 
the  films  due  to  the  decomposition  and/or  burning  of  I^EG .  The  porosi¬ 
ty  and  the  refractlv^e  index  of  porous  films  can  be  related  by  the 
following  equation; 


(2) 

where  n^  and  n  are  refractive  indices  of  porous  coating  films  and 
nonporous  bulk  samples,  respectively,  and  P  is  the  percent 
poros i ty . ^ ® ^ ^  The  porosity  of  the  915102- 9Ti02  obtained  with 

addition  of  PEG  can  be  calculated  from  equation  (2)  to  be  17.8  %  after 
the  hen t -  treatment  at  400°C  for  15  min,  assuming  the  pores  of  the  film 
are  filled  only  with  air.  In  the  calculation,  the  value  (  =  1.54)  of 
refractive  index  for  the  nonporous  915102- 9Ti09  bulk  glass  was  used  by 
assuming  the  additivity  in  refractive  index  oetween  5i02(=1.46)  and 
TiOo(=2.30).  Accordingly,  In  order  to  prepare  a  5i02-Ti02  film  with  a 
refractive  index  of  1.51,  which  is  for  soda-lime-silica  glass  sub¬ 
strates,  by  adding  PEG600  in  the  weight  ratio  of  PEG600/oxldes=l . 0 ,  we 
should  choose  the  composition  of  about  83 . 55IO9 • 16 . 5Ti02  (in  mol  %)  by 
assuming  the  porosity  of  17.8%. 

figure  4  shows  the  variations  of 
refractive  index  of  the  83.55i09- 
16.5Ti02  (in  mol  %)  films  with 
heat- treatment^^ :  open  and  closed 
circles  have  the  same  meanings  as 
in  Eig.  3.  For  the  films  of  this 
c;omposition,  a  similar  feature  J 
obset'ved  in  Fig.  3,  i.e.  a  large 
decrease  in  the  refractive  index" 
resulting  from  the  increase  1  n  > 
porosity  of  the  films  due  to  the  o 
combustion  of  PEG,  is  seen.  The  i: 
refractive  index  of  the  as-coated  i 
films  with  addition  of  PEG  is  1.50, 
and  increases  slightly  from  room 
temperature  to  200  °C  and  then 
decreases  sharply  down  to  1.47  in  a 
range  of  200  to  300 °C.  The  index  of 
tile  films  is  about  1.5  1,  which 
almost  agrees  with  that  of  glass 

substrates,  after  the  heat-treat-  l•'ig.4.  Variations  of  refrac- 
ment  at  400  °(’ .  as  estimated  from  five  index  of  83 . 55102  ■  16 . 5Ti02 
their  porosity  and  an  additivity  in  films  with  h  ea  t  -  t  r  ea  tmen  t  ; 

refractive  index  between  SIO2  and  open  and  closed  circles  have 
TIO2.  Tims  the  refractive  incTex  of  the  same  meaning  as  in  Fig. 3. 
tile  pregrooved  layer,  which  is 
important  to  design  optical  memory 
disks,  can  be  controlled  by  adjust¬ 
ing  tiie  Ti02  content  and  heat- 
treatment  conditions. 
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3.3.  Dimensions  of  pregrooves  formed 


!•'  1  g  u  r  e  5  s  hi  o  w  s  t  hi  c  S  E  M  cross- 
section  of  pregrooves  fabricated  on 
a  glass  disk  of  130  mm  in  diameter 
by  the  present  fine  patterning 
technique.  The  chemical  composi¬ 
tion  of  the  pregrooved  layer,  which 
w-as  heat-treated  at  350  °C,  is 
83.5S10o'  16.5Ti02,  and  the  weight 
ratio  or  PEG600  added  to  the  5102“ 
TIO2  oxides  was  unity.  The  pitch 
of  the  fabricated  pregrooves  is  1.6 
pm,  which  precisely  coincides  with 
that  of  the  stamper  used;  whereas 
the  land  height  and  land  width  of 
the  pregrooves  are  70  nm  and  500 
nm,  respectively,  which  corre¬ 
sponded  to  60  %  and  85  %  of  those 
of  the  stamper.  These  results 
indicate  that  the  shrinkage  of  the 
patterned  gel  films  mainly  occurs 
in  the  vertical  direction,  and  the 
small  shrinkage  also  occurs  in  the 
land  width. 

3.4.  Weathering  resistance 


Weathering  resistance  of  glass 
disks  is  very  important  for  practi¬ 
cal  use  of  the  optical  memory 
disks.  The  weathering  of  glass 
substrates  proceeds  with  the  reac¬ 
tion  of  alkalis  in  the  substrates 
with  carbon  dioxide  and  water  in 
the  atmosphere  to  form  salts  such 
as  Na2G03.^'^  Figures  6  (a)  and  (b) 
show  the  photographs  of  the  glass 
disks  of  130  mm  in  diameter  and  1.2 
mm  in  thickness  after  weathering 
tests  for  chemically  strengthened 
soda  -  1 i me -s  i  1  i  ca  glass  disks  with¬ 
out  coating  (a)  and  coated  with 
83 . 5S i O9 • 1 6 . 5T i O2  films  ( b ) ;  in  the 
weatherTng  test  (b),  the  non-pre- 
grooved  films,  about  220  nm  thick, 
h e a  t -  I r  e a  t  e d  at  3 5 0  ° C  for  15  min 
were  used.  The  weathering  tests 
were  performed  for  50  h  at  135 °C 
a  n  d  9  01,  K  .  H  .  using  a  pressure 
cooker  test  chamber. 

The  glass  disk  without  coating  is 


Fig. 5.  SFM  cross-section  of 
Ti 02-Si O2  pregrooves  fabricated 
on  a  glass  disk  of  130  mm  in 
diameter  by  the  present  fine 
patterning  technique. 


(a) 


F  i  g  .  6  .  P  h  o  t  o  g  r  a  I)  h  s  of  the 

chemically  strengthened  soda- 
lime-silica  glass  disks  of  130 
mm  in  diameter  and  1 .2  mm  in 
thickness  after  weathering 
tests.  ( a )  is  for  the  disk 
without  (Kviting  and  (b)  with 
8  3 . 5  S  i  0  2  ■  16. 5  T  i  0  coatings. 
1'  h  e  weathering  "tests  were 
performed  for  50  h  at  1 35 °C  and 
901.  R  11. 
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weathered  to  become  opaque  and  its 
surface  becomes  very  rough  due  to 
the  generation  of  alkali  reaction 
products  (Fig.  6(a)).  On  the  other 
hand,  the  disk  with  the  coatings  is 
transparent  and  homogeneous  even 
after  the  wtatherlng  test  (Fig. 
6(b)).  Finely  patterned  S102-Ti02 
layers  formed  by  the  sol-gel  tech¬ 
nique  are  thus  expected  to  serve  as 
not  only  pregrooves  for  optical 
memory  disks  but  also  as  effective 
protective  layers,  l.e.  alkali 
passivation  layer  for  glass  sub¬ 
strates,  as  well  as  the  layer  to 
control  refractive  index  as  de¬ 
scribed  in  section  3.2. 

3.5.  Noise  levels  of  pregrooved 
glass  disks 

Figure  7  shows  the  frequency  de¬ 
pendence  of  noise  levels  in  the 
glass  disks  fabricated  under  opti¬ 
mum  conditions.  Open  and  closed 
circles  show  the  disks  with  pre¬ 
grooved  83 . SSlOo • 16 . STlOo  layer  and 
with  pregrooved  pure  S1O2  layer, 
respectively.  The  weight  ratios 
of  PEG600  added  to  83.58102* 
I6.5TIO2  and  SIO2  were  0.750  ana 
0.625,  respectively.  Each  glass 
disk  was  heat-treated  at  350 °C  for 
15  min  in  air  using  a  clean  oven 
and  coated  with  a  metal  film  on 
the  pregrooved  layer  as  a  reflec¬ 
tive  layer  for  measuring  noise 
levels.  The  noise  level  of  the 
glass  uisks  with  the  pregrooved 
Si02-TI02  layer  is  lower  ty  1-2  dB 
than  that  of  the  disks  with  pure 
Si02  in  the  frequency  range  from 
0.5  to  2.0  MHz.  The  lower  noise 
level  of  the  former  can  be  ascribed 
mainly  to  the  agreement  in  the 
refractive  index  between  the  pre¬ 
grooved  layer  and  the  glass  sub¬ 
strate . 

Figure  8  shows  the  radial  varia¬ 
tion  of  noise  levels  for  the  fabri¬ 
cated  glass  disks  at  the  1.0  MHz. 
Open  and  closed  circles  have  the 
same  meanings  as  described  in  Fig. 


Frequency  /  MHz 

Fig. 7.  Frequency  dependence  of 
noise  levels  for  the  fabricated 
glass  disks.  Open  and  closed 
circles  show  the  disks  with 
pregrooved  83 . 58102  *  16 . 5Ti02 
layer  and  with  pregrooved  pure 
8102  respectively - 


Radius  /  mm 

Fig. 8.  Radial  variation  of 
noise  levels  for  the  fabricated 
glass  disks  at  the  frequency  of 
1.0  MHz.  Open  and  closed 
circles  have  the  same  meanings 
as  described  In  Fig. 7. 
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7.  The  noise  levels  of  both  disks  show  almost  constant  values  at  a 
given  radius,  which  means  that  the  uniform  pregrooves  are  formed  in 
the  whole  surface  area  in  both  disks  of  130  mm  in  diameter.  The  noise 
levels  are  again  1-2  dB  lower  in  the  disks  with  the  Si02-Ti02  layer 
than  *vlth  the  pure  Si02  layer. 

4. CONCLUSIONS 


Pregrooves  have  been  formed  on  soda-llme-sll ica  glass  substrates  using 
polyethylene  glycol ( PEG) -containing  Si02-Ti02  gel  films  and  the  quali¬ 
ties  of  the  pregrooved  glass  disks  were  evaluated.  The  refractive 
index  of  the  S102-Ti02  pregrooved  layer  was  matched  with  that  of  the 
glass  substrates  by  adopting  the  chemical  composition  of  83.58102* 
I6.5TIO2  (in  nol  %)  as  the  layer,  in  consideration  of  the  porosity 
which  resulted  from  the  decomposition  and/or  burning  of  PEG  added  to 
the  films.  When  the  weight  ratio  of  PEG  with  the  average  molecular 
weight  of  600  to  S102-Ti02  oxides  was  unity,  the  pitch  of  the  pre¬ 
grooves  formed  was  unchanged  compared  to  that  of  the  stamper  used 
after  the  heat- treatment  at  350 °C.  while  the  land  height  and  the  land 
width  of  the  pregrooves  were  respectively  reduced  to  60%  and  85%  of 
those  of  the  stamper  after  the  heat- treatment .  The  Si02-Ti02  films 
provided  the  glass  substrates  with  a  good  weathering  resistance.  The 
noise  level  of  the  glass  disks  with  pregrooved  Si02-Ti02  layer  was 
lower  than  that  of  the  disks  obtained  using  pure  Si02  layer  in  the 
frequency  range  from  0.5  to  2.0  MHz.  The  lower  noise  level  of  the 
former  can  be  ascribed  to  the  agreement  in  refractive  index  between 
the  pregrooved  layer  and  the  glass  substrate.  It  was  found  that 
precise  pregrooves  were  uniformly  formed  on  the  whole  surface  area  of 
glass  disks  of  130  mm  in  diameter  by  the  newly  developed  sol-gel  fine 
patterning  technique. 
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ABSTRACT 

The  effects  of  the  addition  of  polyethylene  glycol(PFG)  on  the  forma¬ 
tion  of  gel-derived  glass  films  in  the  Si02-T102  system  were  studied, 
aimed  at  their  application  to  the  optical  memory  disks.  The  viscosity 
of  the  as-prepared  sols  increased  almost  linearly  with  Increasing  PEG 
content.  The  Increase  in  viscosity  of  the  sols  during  the  storage  was 
retarded  with  decreasing  molecular  weight  of  PEG  added  and  with 
increasing  amount  of  PEG  added.  The  viscosity  Increase  of  the  sols 
during  the  storage,  however,  showed  a  similar  temperature  dependence, 
i.e.  almost  the  same  apparent  activation  energy  was  obtained,  in  the 
sols  containing  different  amounts  of  PEG.  These  findings  indicate  that 
PEG  added  to  the  SIO2-TIO2  sols  scarcely  reacts  with  the  hydrolyzed 
inorganic  species.  The  hardness  of  the  resultant  PEG-containing  gel 
films  greatly  decreased  with  increasing  PEG  content.  The  gel  films 
containing  PEG  of  the  smaller  average  molecular  weight  showed  the 
higher  hardness  and  the  steeper  increase  in  hardness  with  increasing 
the  heat- t reatment  temperature  than  those  containing  PEG  of  the  larger 
average  molecular  weight.  For  a  high  performance  in  the  fine  pat¬ 
terning  process  and  densi f ication  of  the  resultant  patterned  films, 
I’EG  of  the  smaller  amount  and  the  smaller  molecular  weight  is  favora¬ 
ble,  provided  the  PEG-containing  gel  films  are  initially  soft  enough 
to  emboss  fine  patterns  by  pressing  a  stamper.  Incorporated  PEG  in  the 
Si02-Ti02  gel  films  decomposed  completely  at  temperatures  over  300  °C 
and  had  a  very  slight  influence  on  chemical  bondings  in  the  resultant 
f i 1ms. 


1 . INTRODUCTION 


We  have  developed  a  fine  patterning  technique,  based  on  the  sol -gel 
method  starting  from  metal  alkoxi dcs . ^ in  part  (1)  of  this  two-part 
paper,  the  formation  of  pregrooves  by  the  technique  and  the  proper¬ 
ties  of  the  pregrooved  glass  disks  were  described.  As  described  in 
part  HI),  when  gel -derived  S102-Ti02  glass  films  were  used  fee  the 
formation  of  pregrooves,  the  resultant  pregrooved  glass  disks  showed 
excellent  weathering  resistance  and  a  low  noise  level. 

The  key  point  of  the  fabrication  of  pre;'-.-ooves  by  this  technique  is 
the  patterning  by  pressing  a  stamper  against  the  gel  films,  the  hard¬ 
ness  of  which  is  controlled  by  incorporation  of  organic  poiymcrs 
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such  as  polyethylene  glycol  In  this  part,  (2),  attention  will 

be  paid  mainly  to  the  effects  of  the  addition  of  I’l-.'G  on  viscosity  of 
the  sols,  hardness  of  the  gel  films  and  formation  of  the  gel-derived 
glass  films  in  the  Si09-Ti02  system. 

2.KXPKK1MKNTAI. 

The  starting  solution  was  prepared  from  silicon  t o t r ae thox i d e , 
SilOl'it)^,  and  titanium  tetra-n-buthox  i  de  ,  T  i  ( 0-nIlu  )  ,  in  the  same  way 
as  described  in  part  (1).  The  chemical  composition  of  83.5Si02 
IG.oTiO.j  1  1  fi  r.ol“^&)  was  chosen,  since  the  refractive  index  of  the 
resultarU,  films  of  this  composition  witli  ttie  addition  of  Id-.'G  agreed 
w'itli  that  of  glass  substrates  after  a  hea  t  -  treat  men  t  over  350  °C  and 
the  pregrooved  glass  disks  showed  good  characteristics  as  reported  in 
part  (1).  The  concentration  of  the  equivalent  oxides  in  the  solution 
was  5.08  wt't,  whicii  produced  the  films  of  about  200  nm  in  thickness 
after  a  final  hea t - t r ea t me n t  at  350 °C  when  the  solution  was  spin- 
coated  at  1500  rpm.  Various  amounts  of  i’llG  were  added  to  the  above 
solution  and  served  as  a  coating  solution.  The  average  molecular 
weights  of  IM'iG  examined  were  200,  600,  1000  and  2000,  winch  were 

hereafter  designated  as  PltG200 ,  PFG600 ,  Id'Tjl000  and  PFG2000 ,  respec- 
t i ve 1 y . 

The  viscosity  of  tiie  coating  solutions  and  its  change  during  the 
storage  at  a  given  temperature  wore  measured  using  a  rotation  viscome¬ 
ter  (IG.l),  Tokyo  Keiki,  Japan).  All  the  solutions  were  stored  in 
screw-capE)ed  vials.  The  films  were  coated  on  soda- 1  i  me-s  i  1  i  ca  glass 
plates  for  tiie  measurement  of  the  hardness  and  on  silicon  wafers  for 
tiie  IR  s[)ectrc't  analysis  by  a  dipping-withdrawing  method  in  an  ambient 
atmosphere.  The  coating  films  obtained  were  heat-treated  at  a  given 
tem()erature  for  15  min  in  air  using  an  oven.  Tiie  iiardness  of  prepared 
films  and  its  increase  with  the  hea t - t rea t men t  were  measured  using  a 
dynamic  u  1  t  ram  i  croiiardness  tester  (1)11150,  Stiimadzu,  Japan).  Tiie 
hardness,  11,  of  a  film  is  given  by 

iI  =  kW7l)^  (  1  ) 

wiu'ta'  W  is  tiie  load  applied  to  a  stylus  of  the  dynamic  u  1  tram  i  croliard- 
riess  lestc'r,  1)  is  ,thc  penetration  deptli  of  tiie  stylus  under  the  load  W 
and  k  is  3.858  prn^  mN”^  which  is  a  constant  decided  by  tiie  shape  of 
the  stylus.  Tlie  variations  of  FT- I R  spectra  of  tiie  films  during  tiie 
ii  '  a  1  -  t  r  V  a  t  m  e  ri  t  w  (>  r  e  me  a  s  u  r  e  d  using  a  n  11^  s  p  e  c  t  r  o  p  ii  o  tome  t  e  r 
f  I- I'Z  -  201-'/l)- V  ,  Digilab,  ilngland)  in  a  transmission  mode. 

3.KKSUi.TS  AND  DISCUSSION 

.3.1.  Fffects  of  PFG  on  the  viscosity  of  sols 

figure  1  shows  the  viscosity  of  the  as-prepared  PFG-contai n i ng  SIO2- 
TIO2  sols  at  25 against  the  PFG/oxides  weight  ratio.  The  viscosity 
of  the  sol  increases  llnear'y  with  increasing  PFG  content;  these 
results,  also  observed  in  the  11203-8102  system^,  indicate  that  addi¬ 
tivity  in  viscosity  holds  for  tiie  sols  prepared  by  tiie  present  proce¬ 
dure.  When  I'FG  of  the  large'  mo'ecular  weigiit  is  added  to  tiie  sol. 
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Fiff.l.  Viscosity  of  the  as-  Fig. 2.  Variations  in  viscosity 
prepared  PEG-contain Ing  SiOo-  of  the  PEG-containing  sols  stored 
TiOo  sols  at  25  °C  against  the  at  30  °C  as  e  function  of  storage 
F’EG/oxides  weight  ratio.  Open,  time.  The  viscosity  of  the  solu- 
haif-closcd  and  closed  circles  tlons  was  measured  at  25 °C.  Open, 
show  PEG  of  average  molecular  half-closed  and  closed  circles  have 
weight  of  200,  600  and  1000,  the  same  meanings  as  in  Fig.l  and 
respectively.  triangles  show  ethanol.  For  each 

sols,  the  additive/oxides  weight 
ratio  is  unity. 

the  sol  shows  the  steeper  slope  since  the  Intrinsic  viscosity  of  PEG 
of  lai-ger  molecular  weight,  of  course,  is  higher  than  that  of  PEG  of 
smaller  molecular  weight. 

Figure  2  shows  the  changes  in  viscosity  of  the  PEG-containing  sols 
stored  at  30  °C  as  a  function  of  storage  time.  The  viscosity  of  the 
sols  was  measured  at  25 °C.  For  each  molecular  weight  of  PEG,  the 
weight  ratio  of  PEG  added  to  oxides  in  the  solution  was  unity.  An 
equal  amount  of  ethanol  in  place  of  PEG  was  also  added  to  the  solution 
and  the  change  in  its  viscosity  was  examined  for  comparison.  PEG 
slows  down  the  viscosity  Increase  during  the  storage  and  delays  the 
gelation  time  in  comparison  with  even  ethanol:  this  finding  can  be 
ascribed  to  the  hindrance  effects  of  PEG  on  the  polymerization  of 
hydrolyzed  species.  PEG  of  the  smaller  molecular  weight  is  more  effec- 
ti  e  t>  hinder  the  polymerization  reaction  and  to  decelerate  an  in¬ 
crease  in  vlscosl  during  the  storage  than  PEG  of  the  larger  molecu¬ 
lar  weight. 
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storage  time  /  h  10^  K/T 

Fig. 3.  Variations  in  viscosity  F'ig.4.  Temperature  dependen- 
of  the  sols  containing  different  cies  of  the  inverse  of  the  time 
amounts  of  f’EG600  as  a  function  of  at  which  the  viscosity  of  the 
storage  time  at  temperatures  5,  25  sols  becomes  a  given  value, 
and  50  °C.  Open,  half-closed  and  3.0  and  100  mPas.  Open,  half- 
closed  circles  represent  closed  and  closed  circles  have 
[^FT1600/ox i des  weight  ratio=  0,  0.5  the  same  meanings  as  in  Fig.  3. 
and  1.0,  respectively. 

Figure  3  shows  the  variations  in  viscosity  of  the  sols  containing 
various  amounts  of  FFG600  as  a  function  of  storage  time  at  various 
temperatures.  Open,  half-closed  and  closed  circles  represent 
rT-;G600/ox  i  des  weight  ratio=  0,  0.5  and  1.0,  respectively.  At  each 
storage  temperature,  the  increase  in  viscosity  of  the  sols  during  the 
storage  slows  down  and  the  gelation  time  of  the  sols  is  delayed  with 
increasing  E^FG  content.  The  storage  temperature  shows  the  great 
effc^.  Oil  l.ne  viscosity  increase  of  the  sols;  as  the  storage  tempera¬ 
ture  is  increased,  the  viscosity  of  the  sols  is  drastically  increased 
with  time. 

The  temperature  dependence  of  the  viscosity  increase  is  further 
discussed  on  the  basis  of  the  time  at  which  the  viscosity  of  the  sols 
becomes  a  given  value.  In  Fig.  4  the  Inverse  of  the  time  at  which  the 
viscosity  equals  3.0  and  100  mPas  is  plotted  against  the  reciprocal  of 
absolute  temperature.  Open,  half-closed  and  closed  circles  have  the 
same  meanings  as  in  Pig.  3.  The  slope  is  nearly  the  same.  i.e.  almost 
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the  same  apparent  activation  energy  for  polymerization  is  obtained  in 
the  sols  containing  different  amounts  of  I’KG.  Tii  i  s  finding  indicates 
that  the  increase  in  viscosity  of  the  sols  during  the  storage  depends 
not  on  the  reaction  between  PEG  and  hydrolyzed  inorganic  species  but 
on  the  polymerization  of  hydrolyzed  inorganic  species.  Erorn  tiie 
results  observed  in  Fig.l  and  Fig. 4,  we  can  conclude  that  PEG  added 
to  the  Si02-Ti02  solution  scarcely  reacts  with  the  hydrolyzed  inorgan¬ 
ic  species. 

3.2.  Effects  of  PEG  on  hardness  of  gel  films 

The  feasibility  of  the  patterning  greatly  depends  on  the  hardness  of 
gel  films.  Accordingly,  the  quantitative  investigation  of  the  effects 
of  PEG  on  hardness  of  the  resultant  gel  films  is  very  Important  on 
application  of  this  patterning  technique  to  the  pregrooving  of  glass 
substrates.  Figure  5  shows  hardness  of  the  gel  films  containing 
various  amounts  of  PFiG  of  different  molecular  weights.  Open,  half- 


250 

i 

200  r  ^ 

«  i  - 

<0  T 

«  150  j 

T3  i  . 

^  :  I 

X  100  -  »! 


83.5Si02-16.5Ti02i 
0  PEG200 

»  PEG600 
•  PEG2000 


50 


h 


*  /  € 


0.25  0.5  0.75  1.0 


PEG  /  Oxides  ratio 

F  i  g  .  .5  Hardness  of  the  gel 

films  containing  various 
amounts  of  PEG  of  different 
molecular  weight.  Open, 
half-closed  and  closed  circles 
represent  the  gel  films  con¬ 
taining  PEG200,  PEG600  and 
PEG2000,  respectively.  All  the 
gel  films  were  formed  from  as- 
prepared  coating  solutions  and 
heat-treated  at  .5  0  °C  for  15 
min. 
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Fig. 6.  Comparison  of  hardness 
of  the  films  containing  differ¬ 
ent  amounts  of  PEG600  as  a 
function  of  heat - t r ea tmen t 
temperature.  Open,  half-closed 
and  closed  circles  represent 
PEG600/oxldes  weight  ratlo=  0, 
0.5  and  1.0,  respectively. 
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closed  and  closed  circles  represent  the  gel  films  containing 
PEG200,  F’r:G600  and  PKG2000  ,  respectively.  All  the  gel  films  were 
formed  from  as-prepared  coating  solutions  and  heat-treated  at  50 °C  for 
15  min  because  as-coated  gel  films  were  too  soft  to  measure  their 
hardness.  The  values  for  these  films  were  obtained  under  the  load  of 
0.245  mN :  the  load-penetration  curve  gave  almost  constant  values  of 
hardness  In  the  load-range  of  0  to  4.9  mN  examined.  It  is  seen  that 
the  addition  of  PEG  drastically  decreases  hardness  of  the  resultant 
gel  films  and  PEG  of  larger  molecular  weight  is  somewhat  effective  for 
the  reduction  of  hardness  of  the  films  than  PEG  of  smaller  molecular 
weight. 


In  the  fine  patterning  technique,  the  gel  film  is  pressed  with  a 
stamper  and  preheated  at  an  appropriate  temperature  until  the  gel  film 
is  solidified.  When  the  increase  in  hardness  of  the  gel  films  during 
the  preheat-treatment  is  small,  the  embossed  patterns  are  dulled  out 
after  removing  the  stamper.  The  hardening  property  of  the  gel  films  is 
thus  also  an  important  factor,  which  determines  the  performance  of 
this  patterning  process.  The  hardening  process  of  the  gel  films  is 
affected  by  the  amount  and  average  molecular  weight  of  the  PEG  added. 


Eigure  6  shows  the  comparison 
of  hardness  of  the  films  con- 
taitiing  various  amounts  of 
[’EG600  as  a  function  of  tem¬ 
perature  heat-treated  for  15 
min.  Open,  half-closed  and 
closed  circles  represent  the 
weight  ratios  of  P  E  G  6  0  0  to 
oxides  of  0,  0.5  and  1.0, 

respectively.  As  the  tempera¬ 
ture  i  nc;  r e a s e s  ,  hardness  of 
all  the  films  i  n  c;  r  e  a  s  e  s  and 
tends  to  level  off  over  300 °C. 
At  a  given  temperature  hard¬ 
ness  of  the  films  containing 
the  larger  amount  of  I^EG  is 
lower  than  that  of  the  films 
(containing  the  smaller  amount 
of  P1;G.  At  temperatures  below 
200  °C,  Pl-Xl  added  remains  in  the 
gel  films;  thus,  P1:g  should 
prevent  the  d  e  v  e  1  o  {)  m  e  n  t  of 
structure  in  the  gel  films  by 


dispersing  polymerizing  spe¬ 
cies.  After  a  heat- treatment 


Temperature  rc 


over  300  °C.  PEG  added  decom-  Eig.7.  Variations  of  hardness  of 
poses  completely:  the  decompo-  the  films  obtained  with  the  addi- 
s  i  t  i  on  of  PEG  generates  pores  t  i  on  of  Pl.G  of  different  molecular 
in  the  gel  films  and  decreases  weight  as  a  function  of  heat- 
hardness  of  the  films.  treatment  temperature.  Open, 


ha  If -closed  and  closed  circles  have 


Eigure  7  shows  the  variations  the  same  meanings  as  in  1  i  g .  5 .  I-or 
of  hardness  of  the  films  ob-  all  the  films,  Pl-Xl/oxides  weight 


tained  with  the  addition  of  PEG  ratio  is  unity. 
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of  different  molecular  weight  as  a  function  of  heat- treatment  tempera¬ 
ture.  The  films  were  heat-treated  for  15  min  at  each  temperature. 
Open,  half-closed  and  closed  circles  represent  the  gel  films  con¬ 
taining  PEG200,  PEG600  and  PEG2000 ,  respectively.  For  all  the  films, 
the  weight  ratios  of  PEG  added  to  oxides  were  unity.  When  PEG  of  the 
smaller  molecular  weight  is  added,  the  gel  films  obtained  show  the 
higher  hardness  and  the  steeper  increase  in  hardness  with  Increasing 
the  heat- treatment  temperature. 


The  addition  of  large  amount  of  PEG  caused  large  shrinkage  of  the 
films  during  the  heat- treatment  and  made  the  patterns  obtained  dull 
and  porous  in  the  fine  patterning  process.  Moreover  gel  films  con¬ 
taining  PEG  of  the  smaller  molecular  weight  show  the  steeper  increase 
in  hardness  with  an  increase  of  the  heat- treatment  temperature  and 
produce  the  more  densifled  gel-derived  glass  films.  From  the  above 
points  of  view,  PEG  of  the  smaller  amount  and  the  smaller  average 
molecular  weight  is  favorable  for  a  high  performance  in  the  patterning 
process  and  for  densi f icat ion  of  the  resultant  patterned  films  pro¬ 
vided  the  PEG-conta in ing  gel  films  are  initially  soft  enough  to 
emboss  fine  patterns  by  pressing  a  stamper. 


3.3.  Effects  of  PEG  on  structure  of  the  films 


Fig. 8.  IR  absorption  spectra 
of  the  83.58100  •  16. 5Ti02  films 
obtained  without  PEcf  as  a 
function  of  h e a t - t r e a t m e n t 
temperature.  Ail  the  films  were 
heat-treated  at  each  tempera¬ 
ture  for  15  min. 
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Fig. 9.  IR  absorption  spectra 
of  the  83.5S102- 16.5Ti02  films 
obtained  with  \he  addition  of 
PEG600,  the  weight  ratio  of  PEG 
to  the  oxides  being  unity,  as 
a  function  of  heat-treatment 
temperature.  All  the  films 
w  e  r  f'  heat-treated  at  c  a  c  ii 
temperature  for  15  min. 
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In  this  patterning  technique,  the  patterned  gel  films  are  heat- 
treated  to  decompose  PHG  in  the  films  and  to  be  densified.  The  decom¬ 
position  temperature  of  FKG  in  the  gel  films  is  important  to  determine 
the  minimum  heat- t reatment  temperature  in  the  fine  patterning  process. 
^loreov'er  the  structure  of  the  gel  films  and  its  change  with  heat- 
treatment  are  essential  to  the  understanding  of  the  behavior  of  PHG  in 
the  gel  films.  Figures  8  and  9  show  tlie  IH  absorption  spectra  of  the 
83  .  .5S  i  ().;•  1  d  •  a'f  i  Gv  films  obtained  witiiout  Pl-iG  and  with  the  addition  of 
PlvGGbb  Tis  a  funcUion  of  heat-treatment  temperature;  ttie  weight  ratio 
of  1M;g  I  (j  the  o.xides  was  unity.  In  Fig.  8.  tiie  strongest  at)sorption 
peak  is  seen  at  around  1100crn“^,  which  is  due  to  Si -0-Si  bonds. 

The  peaks  related  to  Si-O-Si  bonds  are  also  observed  at  800  and  440 
cm^^.*^*'^  The  broad  absorption  peak  due  to  0-11  bondings  can  be  seen  at 
around  3800  to  30(  )  cm“^.'^  The  absorption  peak  at  950  cm“^  was  found 
to  be  tile  overlapping  of  the  band  due  to  Si -01!  bonds^  and  the  band  due 
to  Si-O-'I’i  bonds.'  In  Fig.  9,  additioruii  new  peaks  such  as  the  strong 
peak  at  2900cm“^,  the  weak  peaks  at  1450  and  I340cnr^,  and  the  shoul¬ 
der  at  around  1200ciTr^  ,  which  are  respectively  assigned  to  C-H,  -Cllo- 

and  C-O-C  boruis  in  PFG,  ( H0-fCH2CH20fpll )  .  are  observed.  ®  These  peaks 
arici  the  shoulder  associated  with  PFG  decrease  with  increasing  heat- 
tr<'atment  temperature  and  disappear  over  300  °G.  The  spectra  of  the 
films  obtained  w  i  t  ii  addition  of  PFG  almost  agree  with  those  of  the 
films  obtained  witiiout  i'FG  after  the  hea  t  - 1  r  ea  tmen  t  over  300  °C, 
indicating  that  the  addition  of  PFG  to  the  Si02-Ti02  sols  has  a  very 
sligiit  influence  on  chemical  bondings  in  the  resultant  films  after  the 
decomposition  of  f’FG . 

4 .  CONCl.USIONS 


In  t  ii  i s  part  (2),  attention  was  paid  mainly  to  the  effects  of  the 
addition  of  PFG  on  viscosity  of  the  sols,  hardness  of  the  gel  films 
and  formation  of  the  gel -derived  glass  films  in  the  Si02-Ti02  system. 
The  visc-osity  of  lite  as-prepared  sols  increased  almost  linearly  w'ith 
increasing  Pl-iG  content.  The  increase  in  viscosity  of  the  sols  during 
the  storage  was  retarded  with  the  decrease  in  molecular  weight  of  PFG 
added  and  witfi  the  increase  in  amount  of  Pl-iG  added.  Tiie  addition  of 
PfiG  to  the  sols,  however,  affected  very  slightly  the  temperature 
dependence  of  the  viscosity  increase  of  the  sols  during  the  storage. 
Those  findings  indicate  that  I’FG  added  to  the  Si02-Ti02  sols  scarce¬ 
ly  reacts  with  the  hydrolyzed  inorganic  species.  iTie  hardness  of  the 
rf'sultant  PITl-cont  a  i  n  i  ng  gel  films  greatly  decreased  with  increasing 
PI:g  content.  The  gel  films  containing  Pl-iG  of  the  smaller  average 
rnolf'cnlar  weight  showed  the  higher  hardness  and  the  steeper  increase 
in  hardness  with  increasing  the  hea t - 1 rea 1  men t  temperature  than  those 
containing  Pl-Xl  of  the  larger  average  molecular  weight.  For  a  high 
performance'  in  the  fine  patterning  process  and  dens  i  f  i  cat  i  on  of  the 
resultant  patterned  films,  PleG  of  the  smaller  amount  and  the  smaller 
molecular  weigiit  is  favorable,  provided  tiie  PFG-conta  i  n  i  ng  gel  filins 
are'  initially  soft  enough  to  emboss  fine  patterns  by  pressing  a  stamp¬ 
er.  Incorporated  PleG  in  tiie  Si02-Ti02  gel  films  decomposed  completely 
at  t  empf'rat  ures  over  300 '"C  and  had  a  very  slight  influence  on  chemical 
bondings  in  tiie  ri'sultant  films. 
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ABSTRACT 

This  paper  addresses  the  properties  of  sol-gel  silica  in  relation  to  its  potential  to  provide  new  devices  for  optical  imaging. 
Although  the  sol-gel  method  opens  the  door  to  unprecedented  levels  of  purity  of  silica  materials,  it  is  also  beset  with 
problems  of  the  achievement  of  extreme  optical  homogeneity.  The  work  reported  discusses  experiences  with  sol-gel  silica 
intra  cavity  elements  in  ion  lasers  and  new  concepts  of  imaging  and  laser  structures  based  on  fabrication  via  porous  gel-silica. 
A  new  physical  model  for  etalons  is  proposed  which  shows  advantages  of  porous  gcl-silica  over  conventional  fully  dense 
materials. 


1.  INTRODUCTION 


The  pioneering  efforts  of  Hench  and  co-workers  has  led  to  the  development  of  interesting  new  optical  materials  based  on 
ultra-pure  silica.  Such  materials  were  assumed  initially  to  be  reasonably  homogeneous  and  largely  devoid  of  the  thermal 
expansion  associated  with  normal  high  temperature  prepared  silica  products.  Further  study  has  shown  that  optical 
homogeneity  can  be  a  problem  and  that  the  thermal  properties  are  in  need  of  new  levels  of  study. 

Work  on  the  inua  cavity  uses  of  sol-gel  derived  silica  began  in  the  author's  laboratory  some  three  years  ago  and  has  continued 
via  support  from  the  S.D.1.0.  programme. 

A  notional  view  of  sol-gel  silica,  that  it  can  offer  a  simple  solution  to  the  problems  of  colour  cenbe  formation  and  loss  in  u.v. 
ion  lasers,  was  implanted  in  the  author  by  the  observation  of  unusual  levels  of  conversion  efficiency  (single  line  to  single 
mode)  when  a  .sol-gel  etalon  was  placed  in  the  cavity  of  an  ion  laser. 

Observations  were  made  by  N  J.  Phillips  and  L.  Hench  that  an  uncoated  gcl-silica  Fabry  Perot  etalon,  planar  in  form,  placed 
in  the  cavity  of  an  ion  laser  was  capable  of  creating  a  single  mode  of  laser  output  at  a  level  of  about  85%  or  more  of  the 
original  single  spccual  line  output. 
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This  ob.servation  was  documented  and  photographed  at  the  time  (c  1987)  and  led  to  a  conceicd  programme  of  study  to  find 
the  origins  of  the  improvement  over  the  more  conventional  50%  as.sociatcd  with  normal  high  temperature  prepared  silica 
etalons. 

It  must  be  remembered  that  ion  laser  output  radiation  carries  a  heavy  cost  penalty  and  that  improvements  of  the  type 
discussed  arc  of  great  practical  and  commercial  significance. 
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In  the  intervening  period,  studies  of  carefully  prepared  gel-silica  monoliths  have  been  undertaken  inside  and  ouLside  an  ion 
laser  cavity  by  the  author  and  graduate  student  (S.  Modica)  at  the  Loughborough  University  facility. 

Our  work  has  been  directed  at  trying  to  find  whether  there  are  real  bonuses  from  sol-gel  silica  in  ion  lasers  or  whether  our 
initial  ob.servation  was  lucky  and  difficult  to  repeat. 


CM 


Because  of  the  developmental  work  involved  in  the  preparation  of  early  samples  of  gcl-silica  it  has  taken  a  gre.u  deal  of 
patience  to  reach  a  state  of  play  with  the  materials,  that  can  lead  to  a  true  understanding  of  their  properties.  Our  findings  arc 
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that  homogeneity  is  a  big  problem  for  intra  cavity  optics  because  of  the  optical  feedback  situation  involved  in  the  laser.  Thus 
deficiencies  of  optical  windows,  prisms  and  ctalons  arc  many  times  more  important  than  for  cxlra-cavity  optics. 

We  have  sought  to  compare  the  performance  of  conventional  high  temperature  prepared  silica  and  gel-silica  samples. 
Theoretical  study  and  experiment  has  led  to  the  conclusion  that  the  real  reason  for  the  anomalous  performance  of  the  early 
gel-silica  samples  was  for  reasons  related  to  their  primitive  quality  which  arc  explained  in  this  paper. 

Following  the  author’s  interest  in  holography  and  lithography  using  imaging  polymers,  it  has  been  a  natural  trend  to 
investigate  u.scs  for  sol-gel  derived  silica  in  novel  forms  of  imaging  or  image  forming  devices  and  some  of  these  topics  are 
di.scusscd  in  this  paper. 

2.  DEVELOPMENTS  IN  INTRA  CAVITY  OPTICAL  ELEMENTS  FOR  ION  LASERS 
USING  SOL-GEL  DERIVED  SILICA 


The  anomalous  performance  of  ctalons  described  in  the  introduction  has  been  the  driving  force  for  a  detailed  study  of  intra 
cavity  elements  in  ion  lasers.  The  mode  selecting  ctalon  conventionally  used  to  create  a  single  mcxic  (and  hence  long 
coherence)  output  is  shown  in  Figure  1. 


Output  coupler 


Plasma  tube 


Etalon 


Wavelength  selecting  prism 


Fig.  1.  Conventional  ion-laser  cavity  with  mode  se'ecting  etalon. 


Rear  high  reflector 


The  normal  wi.sdom  for  the  performance  of  such  ctalons  is  that  they  should  be  of  low  finesse  for  intra  cavity  applications 
(since  a  multiple  feedback  situation  is  involved)  and  should  have  a  free  spectral  range  such  that  the  periodicity  of  their 
transmittance  roughly  equals  the  width  of  the  gain  profile  of  the  laser. 
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If  the  transmittance  is  maximised  for  a  given  mode  then  the  neighbouring  modes  can  be  extinguished  by  a  slight  comparaiive 
loss. 

We  note  that  this  control  is  normally  effected  by  the  resonant  conditions  in  the  etalon  and  that  there  is  apparently  no  reason 
why  sol-gel  etalons  should  perform  differently  to  high  temperature  prepared  silica  etalons, 

A  detailed  theoretical  study  has  revealed  that  longitudinal  refractive  index  gradienLs  (over  distances  large  by  comparison  with 
the  wavelength  ol  light)  in  the  etalon  only  influence  the  single  pass  phase  shift. 


Etalon 


n(x) 


^  X 


Fig.  3.  Axial  refractive  index  gradients  over  distances  »  merely  alter  the  single  pass  phase  shift 


Ik 


nod 


X  -  wavelength  in  air  n^=  spatially  uniform  index 


This  shows  that  in  substance,  the  theory  of  the  etalon  is  not  significantly  changed  in  relation  to  its  morlc  .selection  when  weak 
axial  index  gradic..tS  are  present. 

Transverse  index  gradients  (orthogonal  to  the  optical  axis  of  the  laser)  can  introduced  Icnsing  effects  but  in  a  somewhat 
complex  and  unpredictable  way.  A  study  of  their  role  has  not  revealed  a  signific  -nt  improvement  in  the  mode  selecting 
activity. 


The  normal  attitude  of  an  etalor  intra  cavity  in  an  ion  laser  is  tipped  off  orthogonality  as  shown  in  the  diagram  below 


High  reflector 


Fig.  4.  Etatans  used  intra  cavity  in  an  ion  laser  are  tipped  off  orthogonality 
to  avoid  unwanted  lasing  off  the  etalons  surface. 
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The  typical  inlra  cavity  etalon  has  to  have  a  20%  intensity  reflectance  at  each  face  to  provide  a  deep  enough  loss  curve  (high 
enough  finesse)  to  extinguish  the  unwanted  modes.  If  such  a  reflector  is  lined  up  orthogonal  to  the  laser's  optical  axis  then 
commonly  lasing  takes  place  between  the  front  surface  of  the  etalon  and  the  output  coupler.  Tipping  tlie  etalon  avoids  the 
problem  but  of  course  introduces  a  loss  mechanism  into  the  optical  cavity.  It  is  largely  this  constraint  that  limits  the 
conversion  efficiency  of  the  etalon.  Relatively  expensive  curving  of  the  cialon's  surface  can  help  to  affect  this  stable  cavity 
problem  but  adds  considerably  to  the  cost  and  difficulty  of  manufacture. 

As  a  general  comment,  we  have  observed  that  later  samples  of  gel  silica  with  perfected  densificalion  have  shown  very  low 
levels  of  Rayleigh  scatter  due  to  voids.  Early  specimens  of  the  material  —  in  particular  those  provided  by  Professor  Hench  in 
1987  —  showed  notable  .scatter  especially  in  the  intense  intra  cavity  light  of  the  laser. 

We  propose  that  the  reason  for  the  anomalous  performance  of  early  sol-gel  etalon  samples  was  due  in  fact  to  the  presence  of 
micropores.  The  effect  of  pore  scatter  being  lo  introduc  an  intra  cavitv  loss  mechanism  which  is  different  in  manifestation  to 
that  involved  in  the  conventional  etalon. 

We  propo.se  a  new  model  for  the  etalon  as  outlined  in  Figure  5. 


Fig.  5.  Proposed  etalon  mechanism  for  porous  gel  silica.  Pores  are  driven  towards  the  nodes  of  the  pattern, 
leading  to  index  modulation  of  the  etalon.  This  index  modulation  is  not  synergistic  with  other  modes. 

Finesse  is  thus  self  enhancing. 

If  we  consider  the  electric  intensity  distribution  in  the  etalon,  it  is  of  the  Lippmann  type  i.e.  a  sumding  wave  pattern  of  spatial 
period  equal  to  ^/2  where  is  the  wavelength  in  the  medium. 

Scattering  centres  (micropores)  arc  thus  subject  to  large  forces  which  can  cause  them  to  migrate  and  create  a  spatially 
pcricxlic  index  pattern  in  the  solid  material.  We  note  that  this  pattern  is  of  a  spatial  structure  representative  of  a  single  mode 
of  the  la.scr.  Other  modes  will  not  be  synergistic  with  this  index  pattern  and  will  thus  be  subject  to  enhanced  loss. 

By  the  above  discussion,  we  can  sec  that  the  establishment  of  a  single  mode  condition  in  the  la.scr  is  self  enhancing. 

Such  movement  of  particles  in  intense  laser  beams  has  been  observed  in  the  inlra  cavity  interspace  between  the  plasma  tube 
and  other  components  and  usually  manife.sts  itself  in  the  collection  of  macromolcculcs  near  the  beam  centre.  The  intensity  is 
of  eourse  .subject  to  both  radial  and  axial  gradients.  The  intra  cavity  light  is  a  standing  wave  pattern  in  a  resonator.  Thus  the 
largest  forces  are  of  axial  direction  since  the  intensity  changes  axially  over  a  distance  of  the  order  of  ^/4.  An  examination  of 
the  problem  shows  that  if  np  is  the  refractive  index  of  the  pore  and  n^  is  the  index  of  the  bulk  silica  then 

(a)  for  Up  <  n^  the  pores  will  move  to  regions  of  lower  intc.nsily  and 
(Ly  for  np  >  n^  the  pores  will  move  to  regions  of  higher  intensity. 

This  proposed  mechanism  explains  very  fully  the  observed  phenomena  associated  with  the  early  anomalous  performance  of 
uncoated  sol -gel  etalons.  We  note  also  that 
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(a)  The  uncoaU  '^  elalon  docs  not  risk  lasing  off  its  front  surface  —  it  exhibits  only  the  ((n  -  l)/(n  +1))^  intensity 
reflectance  associated  with  the  refractive  index  n. 

(b)  Cavity  losses  can  be  enhanced  by  Rayleigh  scatter  but  can,  in  the  ease  of  sol-gel  derived  silica,  be  controlled  through 
pore  fraction  and  si/e.  Passive  behaviour  of  pores  is  simply  to  enhance  Rayleigh  scatter  and  thus  induce  cavity 
losses.  Such  behaviour  would  decrea.se  not  enhance  the  finesse. 

These  facts  probably  explain  the  performance  of  the  early  gel-silica  samples  and  will  clearly  form  the  basis  cf  a  new  attack  on 
the  problem. 

We  note  that  the  tipped  etalon  exhibits  a  minima'  !o«s  at  the  Fresnel  level  or  at  the  level  dictated  by  its  enhanced  rcficctancc. 
Pore  scatter  can  be  controlled  from  virtually  nothing  up  to  very  high  levels. 

We  conclude  this  section  with  the  belief  that  porous  silica  etalons  offer  a  new  line  of  attack  on  cavity  mode  selection.  That 
pore  scatter  is  potentially  a  problem  Ls  obvious.  However,  the  achievement  of  a  scattering  level  with  such  tight  control 
might  be  difficult  by  any  other  known  means! 

3.  NOVEL  IMAOING  METHODS  USING  POROUS  .SILICA 

The  subject  of  holography  owes  much  of  its  success  to  the  influence  of  recording  in  ultra-fine  grain  silver  halide  media.  More 
recently  however  skills  with  real  time  polymers  such  as  tho.se  made  by  DuPont  have  opened  up  new  vistas  of  recording 
potential. 

Most  common  holographic  media  are  coated  in  relatively  thin  layers  on  to  a  variety  of  substrate  materials.  Thus  the  halide 
layers  are  typically  5  pm  to  15  ..m  thick. 

Dichromated  gelatin  layers  have  been  coated  up  to  several  hundred  pm  thick  but  arc  tricky  to  handle  and  very  problematic 
with  respect  to  humidity  unless  carefully  scaled. 

Very  thick  layers  of  DuPont  photopolymer  up  to  iOO  pm  have  been  coated  and  in  fact  date  back  to  the  early  1970s  when  the 
material  was  first  released. 


Holograms  which  are  very  thick  exhibit  fascinating  optical  properties.  Thus  a  thin  transmission  hologram  made  with 
monochrome  light  is  subject  to  dispersive  replay  in  white  light. 


Fig.  6.  Showing  the  replay  o<  a  monochromatica'Iy  recorded  'thin'  hologram  using  white 
light.  The  image  of  the  point  source  smears  into  a  line  sloped  at  the  'achromatic  angle'  0 
(tan  6  »  sin  0). 
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Thin  ho’ograms  cannot  therefore  replay  simply  in  while  light. 
Thick  holograms  become  angle  and  wavelength  selective. 


White  light  reference 


Fig.  7.  Thick  holograms  are  selective  of  angle  and  wavelength.  With  sufficient  thickness, 
the  hobgram  will  only  replay  at  the  recorded  reference  angle  and  at  the  same  wavelength 
as  that  used  in  the  recording. 


This  "thick"  replay  property  makes  possible  the  selection  of  narrow  band  replay  light  from  a  broad  spectrum  source  so  as  to 
create  a  non-blurrcd  image. 


Perhaps,  more  importantly,  wc  can  feed  the  reference  light  through  the  edge  of  a  thick  hologram; 


Coherent  illumination 


Object 


Signal 


Thick  hologram 
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A 


e.g.  Gel-Sil  +  DuPont 
polymer 


Reference  light 

Fig.  8.  Edge-lit  holograms  offer  discrete  lighting  for  signs,  facia  instructions  in  cars  etc 
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Primary  referencp  R1 


Coherent  illumination 


Fig.  9.  Very  thick  holograms  probably  need  a  'back-up'  hologram  for  phase  conjugation 
purposes.  This  can  compensate^r  distortions  of  reference  R1  in  passing  through  the 
thick  medium.  The  conjugate  R^fcan  be  created  using  conjugate  ray  tracing  from  H2. 

Edge-lit  holograms  can  be  formed  by  merely  coating  the  recording  material  on  to  a  plain  substrate  but  the  true  volume 
conversion  of  the  reference  to  the  signal  wave  is  only  possible  in  the  configuration  of  Figure  8.  In  Figure  9,  we  see  a  possible 
‘back-up’  device  for  very  thick  holograms  to  ensure  conjugate  ray  tracing  on  replay. 

Note  that  an  ideal  medium  for  recording  holograms  can  be  made  from  DuPont’s  polymer  embedded  in  the  pores  of  gel-silica. 

Such  pore  filling  techniques  invoke  scatter  reduction  if  the  refractive  index  of  the  polymer  matches  that  of  the  silica.  For  the 
DuPont  medium  and  silica,  the  refractive  indices  match  closely  (1.5  —  1.48  respectively)  and  considerable  pore  scalier 
reduction  is  possible. 

Looking  at  the  necessary  characteristics  of  the  polymeric  medium,  we  see  that  the  usual  variable  index  polymer  formulation 
involving 


Binder  -i-  Monomer  +  Initiator  -i-  Sensitizer 

probably  needs  to  be  maintained.  In  the  pores  of  the  silica  host,  if  the  monomer  moves  then  it  must  displace  the  binder  or  net 
movement  of  molecules  will  result  and  possible  rupture  of  the  host  may  lake  place. 

Very  thick  holograms  are  almost  certain  to  have  problems  of  distortion  of  the  reference  wave  on  passage  through  the  layer. 
We  propose  to  overcome  this  difficulty  by  the  introduction  of  a  thin  ‘perfect’  hologram  which  is  used  to  recreate  the 
conjugate  of  the  distorted  thick  reference  wave  after  transmission  through  the  layer,  the  so  called  ‘back-up  hologram’. 
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4.  NOVEL  DEVICES  FOR  OPTICAL  COMMUNICATIONS  USING 
POROUS  SILICA-POLYMER  TECHNOLOGY 

The  final  area  of  discussion  for  this  paper  relates  to  possibilities  offered  by  sol-gel  polymer  technology  m  the  area  of 
distributed  feedback  lasers. 


The  distributed  feedback  laser  can  be  understood  from  the  sketch  below 


Medium  with  gain  and  spatially 
periodic  refractive  index 


Cavity  reflectors  - 


Possibly  porous  Gel-Sil  with 
DuPont  polymer  filling  (with 
added  R6G) 


Fig.  1 0.  Simplified  view  of  distributed  feedback  laser. 

The  gain  medium  must  have  a  suitable  mechanism  for  optical  gain  and  also  a  spatially  periodic  index.  The  spatial  period  must 
match  the  wavelength  of  the  light  used  in  the  lasing  action.  Distributed  feedback  lasers  arc  tunable  and  offer  essential 
flexibility  in  communications. 

Our  research  involves  investigation  of  the  introduction  of  fluorescent  sensitizers  such  as  Rhodaminc  6G  into  the  DuPont 
polymer  followed  by  recording  of  the  grating  structure.  Ultimately,  we  see  the  advantages  of  dimensional  stability  offered  by 
porous  gel-silica  as  of  major  significance  in  this  area. 


5.  SUMMARY 

In  this  paper  we  have  addressed  topics  both  old  and  new  which  arc  under  investigation  at  our  laboratories. 

Gel-silica  offers  advantages  in  the  formation  of  novel  optical  elements  and  devices  but  it  docs  seem  to  be  a  difficult  task  to 
remove  the  inhomogeneity  from  its  structure  during  the  dcnsification  process. 

Our  programme  was  triggered  off  by  a  chance  discovery  of  unusual  properties  of  primitive  gel-silica  ctalons.  A  more 
sophisticated  view  of  the  problems  associated  with  the  incorporation  of  gel-silica  elements  into  areas  such  as  laser  cavities 
leads  to  a  cautionary  tale  based  upon  complex  behaviour  associated  with  the  inhomogcncity. 

One  of  the  inherent  strengths  of  gel-silica  technology  is  the  understanding  of  how  to  build  pores  into  the  medium.  We  have 
proposed  in  this  paper  that  it  is  highly  probable  that  the  early  success  of  gel-silica  ctalons  was  not  due  to  any  unusual  optical 
effect  based  upon  bulk  homogeneous  behaviour  but  in  all  probability  on  the  presence  of  high  levels  of  pore  scalier.  In 
referring  to  our  original  discovery,  we  make  the  point  that  the  presence  of  an  ostensibly  unwanted  effect  can  lead  to  a  new 
approach  to  optical  elements  with  controlled  optical  loss.  The  pores  of  gel-silica  may  be  seen  as  a  major  plus  point  and 
almost  uniquely  predictable  and  controllable  compared  with  other  optical  micro  structures. 

This  paper  concludes  with  a  discussion  of  two  major  areas  of  potential  importance  for  gel-silica  technology.  Both  of  these 
areas  rely  on  the  development  of  predictable  gel-silica  polymer  complexes.  These  developments  have  a  high  chance  of 
success. 
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ABSTRACT 

The  results  of  the  investigation  of  new  class  of  the  laser  media  based  on  dye 
solutions  impregnated  microporous  glasses  are  presented.  Based  on  such  media 
high-effective  active  elements  of  tunable  dye  lasers  and  passive  modulators  for 
solid-state  lasers  are  created. 


This  article  is  devoted  to  laser  media  of  the  new  type  -  the  heterogenous 
solid-liquid  media  on  the  basis  of  the  impregnated  by  the  solutions  of  the  dyes  of 
the  microporous  glasses.  The  microporous  glasses  represent  themselves  the  products 
of  the  leaching  of  heat  -  treated  sodium  borosilicate  glasses  of  a  certain 
composition  range.  As  a  result  of  heat  treatment  is  realized  the  phase  separated 
glass.  It  consists  of  two  interconnected  phases:  the  silica  -  rich  phase  and  the 
chemical  unstable  sodium  -  borate  -  rich  phase.  I f  we  place  this  glass  in  the  acid 
then  the  ions  of  sodium  and  borum  will  be  transfered  to  the  solution.  As  a  result  we 
obtain  the  porous  glass  and  this  poreses  produce  the  continious  claster.  Therefore 
it  could  be  easily  impregnated  by  liquids  and  gases.  On  the  walls  of  this  poreses 
usually  the  grains  of  secondary  silicon  present  and  the  porous  glasses  itselves  on 
ninty  eight  percent  consists  of  pure  silicon.  We  now  have  the  technology  that 
permits  us  to  obtain  the  samples  with  the  volume  porosity  from  ten  to  fifty  percent 
and  the  size  of  this  poroses  could  be  varied  from  twenty  angstrems  up  to  one 
thousand  angstrems^ ■ ^ . 

The  microporous  glasses  (  MPG  )  are  very  good  base  for  the  construction  disign  of 
the  heterogeneous  optical  materials.  At  the  present  time  we  realized  the  various 
composition  indicated  below: 

-  MPG  +  organic  dye; 

-  MPG  +  anorganic  dye; 

-  MPG  +  impregnating  liquid; 

-  MPG  +  impregnating  liquid  +  organic  dye; 

-  MPG  +  impregnating  liquid  +  anorganic  dye; 

-  MPG  +  liquid  crystall; 

-  MPG  +  liquid  crystall  +  organic  dye; 

-  MPG  +  liquid  crystall  +  anorganic  dye; 

-  MPG  +  polymer  +  organic  dye; 

-  MPG  +  polymer  +  anrganic  dye; 

Fig.l  shows  the  optical  characteristics  of  microporous  glasses  and  solid  -  liquid 
media.  The  optical  properties  -  the  refractive  index,  birefringency  and  others  are 
varied  from  the  boundary  to  the  center  of  the  sample. 
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Fi'oin  the  spectrum  of  light  losses  it  is  seen  that  porous  glasses  and  solid  - 
liquid  media  are  transparent  in  a  wide  spectral  range  and  at  the  small  sizes  of  the 
poreses  thay  posseses  small  losses  and  especially  at  the  filling  of  this  poreses  by 
the  liquid. 

The  refraction  index  of  the  porous  glasses  is  smallest  among  the  condensed  media 
that  is  caused  by  the  very  small  Fresnel  losses. 

To  the  present  time  we  were  studied  in  detail  the  sol  id- liquid  media  as  the 
active  media  for  lasers  with  organic  activators. 

In  the  porous  glasses  we  create  for  the  molecules  of  the  dyes  absolutely  new 
situation  that  is  connected  with  interaction  of  the  molecules  with  the  surfase  of 
the  pore. 


Spectral  depending  of  light  losses  coefficient. 
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Fig.  1.  Optical  properties  of  microporous  glass. 
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Depending  of  the  type  of  the  solvent  and  dye  they  could  be  realized  the  active 
centers  of  two  type:  first  -  at  the  absorption  of  the  solvated  molecule  of  the  dye 
and  second  -  at  the  weak  interaction  of  the  molecule  with  the  walls  of  the  pores. 
Its  important  to  outline  properties  of  the  molecules  in  the  porous  glasses  from  the 
view  point  of  generation  are  not  aetuarated.  (  Fig.  2  ). 


Fig.  2.  Dye  absorption  spectrum  in  liquid  solution  ( — ) 
and  solid  -  liquid  solution  (-  -); 
a)  Rh  6G  +  ethanol,  b)  Rh  6G  +  H  0 

One  of  the  main  advantages  of  the  laser  on  the  solid  -  liquid  media  compared 
liquid  laser  will  be  the  stable  spatial  energy  characteristics  of  generated 
radiation  that  is  connected  with  the  dissalaration  of  the  light  induced  convection. 
(  Fig.  3  ). 

The  solid  -  liquid  elements  do  not  require  the  pumping  of  the  solvent  of  the  dye 
at  the  power  densities  of  the  pumping  power  up  to  ten  watt  per  square  centimeters 
and  permit  to  produce  the  tuning  of  the  radiation  in  a  very  wide  optical  range. 

In  solid  -  liquid  elements  one  can  use  also  the  same  dyes  that  in  a  typical 
liquid  lasers.  In  this  case  the  energy  and  spectral  characteristics  of  the  both  type 
of  lasers  quite  similar.  The  problem  for  the  photobleaching  of  the  dye  in  a  solid 
liquid  matricies  could  be  solved  due  to  the  presence  of  the  difuse  mixing  of  the 
molecules  in  the  volume  of  solid  -  liquid  media.  This  is  a  main  advantage  of  the 
solid  -  liquid  matrix  compared  to  the  polymeric  matrix.  And  this  fact  is  illustrated 
by  Fig.  4  from  which  one  can  see  that  moderate  densities  of  the  mean  power  of  high 
repetition  rate  pumping  the  diffusion  processes  compensate  the  loss  of  generating 
molecules.  Recently  we  discovered  the  mean  for  the  increase  of  the  resources  based 
upon  the  application  of  the  directed  migration  of  the  dye  ions  in  electric  field. 
Fig.  5  shows  the  dependence  of  the  stationary  in  a  time  efficiency  of  the  laser  with 
coherent  pumping  depending  on  the  velocity  of  electrodiffusion  of  the  dyes  ions.  At 
the  moderate  intensities  of  electric  field  below  one  kilovolt  per  centimeter  one  can 
realize  the  velocities  of  electrodiffusion  up  to  one  millimeter  per  second,  that 
allows  us  to  use  succesfully  the  active  elements  at  the  pumping  power  at  about  per 
fifteen  watt  per  square  centimeter.  The  disign  of  active  element  is  shown  on  the 
Fig.  6.  Here  you  see  the  solid  -  liquid  element  displaced  between  ele^-frodes  and  two 
buffer  volumes.  This  active  element  in  combination  nith  a  controled  power  supply  and 
the  set  of  the  buffer  volumes  allowc;  to  automate  the  processes  of  optimization  of 
the  concentration  and  allows  also  to  displace  in  a  very  operative  fashion  one  dye  by 
anothei  It  is  important  that  the  photoproducts  are  not  mixed  with  a  fresh  dye. 

T!.°  unique  optical  properties  of  the  porous  glasses  permit  us  to  produce  lasers 
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a) 


b) 


Fig.  3.  Spatial  (a)  and  spectral  (b)  characteristics 
solid  -  liquid  laser  media. 
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Fig.  4.  Solid  -  liquid  media  lasers  resourse  Rh  6G  with  ethanol. 


Fig.  5.  Solid  -  liquid  media  lasers  resourse  Rh  6G  with  ethanol 
with  electrodiffusion  accessories. 

with  unusual  characteristics.  For  example.  Applying  special  technology  inside  of  the 
porous  glass  we  can  obtain  the  kind  of  the  waveguide  structures.  The  plates  of  this 
glass  with  deposited  on  the  walls  of  this  porous  the  dye  molecules  represent 
themselves  the  matrix  of  the  large  amount,  more  then  ten  on  fifth  per  millimiter 
square  the  homogeneously  oriented  microwave  lasers.  This  matrix  placed  in  optical 
cavity  at  the  coherent  pulsed  pumping  posseses  all  the  properties  of  lasers 
excluding  the  spatial  character istucs.  (  Fig.  7  ).  The  radiation  represent  itself 
the  beam  with  angular  aperture  30  degree  with  homogeneous  bell  -  shape  distribution 
of  intensity  and  complete  absence  the  spatial  coherence  that  especially  interesting 
for  the  high-speed  photography  and  lithography.  Second  important  advantage  of  the 
solid  -  liquid  media  in  lasers  is  a  possibility  to  use  them  as  a  passive  modulators. 
We  propose  two  types  of  modulators.  First  type  is  based  upon  the  effect  of 
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Fig.  6.  Solid  -  liquid  media  active  element  with  electrodiffusion 

accessories  configuration. 

inlightning  or  darkening  by  nonactivated  solid-  liquid  media.  When  the  pores  are 
filled  by  liquids  of  high  nonlinear  refractive  index,  we  observe  an  effect  of 
nonlinear  dispersion  in  the  field  of  powerfull  laser  pulses.  In  relation  to  absolute 
values  of  refractive  indexes  of  microporous  glass  -  liquid  ratio,  as  well  as  to  the 
sign  and  value  of  nonlinear  addition,  the  regime  of  transparency  or  that  of  eclipse 
will  realize.  This  modulators  possess  many  advantages  but  the  main  drawback  is  a 
very  high  intensity  of  the  switching  on.  (  Fig.  8  ). 

The  second  type  of  the  shutter  is  the  shutters  on  the  basis  of  solid  -  liquid 
media  activated  by  saturating  absorbents.  Our  experiments  show,  that  shutters  on  the 
basis  on  solid  -  liquid  media  have  the  advantages  comparable  to  the  liquid 
analogues.  They  manifest  themselves  in  a  two  main  tendencies.  First,  the  reduction 
of  the  length  of  the  pulses  and  regularization  of  the  enveloping  of  the  pulse 
trains  in  the  mode  -  locked  regime.  The  second  -  improvement  of  the  spatial 
distribution  of  generated  radiation.  This  properties  are  shown  on  the  example  of 
neodymium  -  glass  laser  with  the  liquid  shutters  with  the  same  dye.  {  Fig.  9  ). 
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C 


Fig.  8.  Dependence  of  the  scattering  cross  section  a)  and 
transparency  b)  of  the  solid  -  liquid  nonlinear  media. 


Afif  -  the  difference  between  linear  refractive  indexes 

of  liquid  and  glass; 

A^n I  -  the  difference  between  nonlinear  refractive  indexes 

of  liquid  and  glass; 

G  -  scattering  cross  section; 

G  (  Ani  +  Ain  t  )^ ; 

Transparency  when  G  =  0;  1.  Ant  =  -Annf  ; 

2.  Arin  t  =  112 'III-  ,  Iti  =  -  Anf/n2; 
n2  -  coefficient  of  the  nonlinear  refractive  index. 

Main  advantages: 

-  spectral  unselectivity; 

-  no  absorption; 

-  nonlimited  lifetime; 
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Fig.  9.  Laser  modulators  based  on  dye  doped  microporous  glasses. 

In  conclusion,  the  solid  -  liquid  media  are  give  absolutely  new  possibilities, 
new  horizons  for  obtaining  of  lasers  materials. 
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ABSTRACT 


Since  the  basic  phthalocyanine  structure  intrinsically  possesses  high  thermal  and 
oxidative  stabilities,  phthalocyanines  incorporated  into  sol-gel  glasses  provide  an  attractive 
approach  for  realizing  highly  stable  nonlinear  optical  media.  Experimental  results  recently 
obtained  for  the  nonresonant  and  resonant  third  order  optical  properties  of 
metallophthalocyanines  are  reviewed  in  this  paper. 

1.  INTRODUCTION 

The  macroscopic  second  order  ,  ^2^  and  third  order, 

^2’  ^3)  ,  nonlinear  optical  susceptibilities  of  conjugated  ;t-electron  organic 
and  polymer  structures  are  known  to  be  unusually  large  ,  and  their  microscopic  origin  and 
virtual  excitation  processes  can  be  successfully  described  by  many-electron  theory  of 
highly  correlated  quasi-one(lD)  and  two(2D)  dimensional  systems.'"^  For  2D 
metallophthalocyanines,^' studies  of  the  resonant  third  order  optical  properties  of  disc¬ 
like  silicon  naphthalocyanine(SINC)  (Figure  1),  randomly  dispersed  in  glassy  polymer 
films,  demonstrated  that  SINC  behaves  as  an  optical  Bloch  system,  exhibiting  absorption 
saturation  of  the  large  oscillator  strengthfOQ  of  order  10^  cm'^)  Q  band  in  the  near  infrared 
range  and  an  associated,  large,  intensity  dependent  refractive  index  n2  of  order  IxlO"^ 
cm2/kW.5-7  These  properties  allowed  the  first  observation  of  absorptive  optical  bistability 
occurring  through  the  nonlinear  electronic  excitations  of  a  random  solid  medium. 


The  development  of  random  glassy  materials  containing  molecular  units  with  large 
nonlinear  optical  susceptibilities  is  a  major  approach  toward  realizing  nonlinear  optical 
media  that  possess  both  important  primary  nonlinear  optical  properties  and  secondary 
material  properties  such  as  thermal,  mechanical,  chemical,  and  oxidative  stabilities.  The 
basic  concept  of  molecular  doped  sol-gel  glasses  for  nonlinear  optics  has  been  widely 


*  Present  address:  Lcxkhecd  Paio  Alto  Research  LabTalo  Alto,  Ca.  94304 


92-11409 

lllllllllll■llllllllillllllllli■ 


100  SPIE  Vol  1 328  Sot  Ce!  Optics  1 1 990) 


Figure  1  Schematic  diagram  for  the  molecular  structure  of  SINC. 

presented.  Because  of  its  large  7C-electron  conjugation,  the  phthalocyanine  structure 
intrinsically  possesses  one  of  the  highest  thermal  and  oxidative  stabilities  known  for 
organic  structures.  Phthalocyanines  incorporated  into  sol-gel  glasses  by  doping,  or  directly 
by  covalent  binding,  provide  an  attractive  approach  to  realizing  highly  stable  nonlinear 
optical  media  that  can  satisfy  both  primary  and  secondary  property  requirements.  In  this 
paper,  we  review  experimental  results  recently  obtained  for  the  nonresonant  and  resonant 
third  order  optical  properties  of  a  metallophthalocyanine. 

2.LINEAR  OPTICAL  PROPERTIES  OF  SINC 

The  absorption  spectrum  of  SINC  dissolved  in  dimethylformamide  (DMF)  is 
shown  in  Figure  2.  After  a  wide  transparent  region(850nm-20(X)nm),  SINC  exhibits  a 
characteristic,  vibronically  coupled,  large  oscillator  strength  Q  band  centered  at  778  nm, 
followed  by  another  transparent  region(500  nm-600  nm),  and  a  B(Soret)  band  located  near 
335  nm.  The  Q  and  B  bands  are  due  to  widely  separated  So(l ' Ag)-»S iCl^Eu)  and 
So(l^Ag)  — >  S2(21Eu)  K-electron  transitions,  respectively,  as  is  well-established  for 
metallophthalocyanines  and  related  metalloporphyrins  of  Dah  symmetry.' In 
fluorescence  measurements,  a  red  emission  from  the  Si  state  is  observed  in  nearly  mirror 
symmetry  of  the  Q-band.  Strickler-Berg  analysis'*^  of  the  Q-band  spectrum  yields  a 
radiati''e  lifetime  for  the  Si  state  of  8.8  ns  which  is  consistent  with  pump-probe 
measurements  of  transient  absorption  at  532nm  and  transient  bleaching  at  770nm.  The 
transparent  regions  allow  third  harmonic  measurements  with  little  or  no  absorption  at  the 
fundamental  and  harmonic  frequencies. 
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Figure  2  Linear  absorption  spectrum  of  SENC  in  DMF  .  The  Q  band  absorption  peak  occurs  at 

778  nm(l.59eV)  and  the  B  band  peak  is  335  nm(3.70eV)  .  The  solution  is  uansparent  between  850- 
200bnm  and  between  500-600  nm. 

3.NONRESONANT  THIRD  ORDER  OPTICAL  PROPERTIES  OF  SINC 

Third  harmonic  generation  measurements  of  SINC  dissolved  in  DMF  were  performed 
using  the  Maker  fringe  technique  at  the  fundamental  wavelengths  1907nm  and  1543nm. 
Xl  (-3co;co,a),co)  of  the  solution  is  obtained  through  the  relation'^ 


where 
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is  the  mean  value  of  the  fringes  of  the  liquid  solution  corrected  for  any  absorption  at  co  and 
3o),  and  R  refers  to  the  reference  liquid. 
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Determination  of  of  the  liquid  solution  from  Eq.(l)  requires  the  knowledge  of 
of  the  glass  window  and  the  solvent.  The  following  values'^  have  been  used  in  our 
calculations:  at  1907nm,  Xc^=0.584  xlO  t^esu,  Xdmf=0.631  xlO  ^^esu; 

at  1543nm.XG -0.591  xlO'i^esu,  Xdmf=0.650  xlO-i^  esu. 


WEIGHT  FRACTION  (id'*) 

Figure  3  Concentration  dependence  of  Xl\-3o):ci),(i),0))  for  solutions  of  SINC  in  DMF  at  1907 

nm  fundamental  wavelength. 

Figure  3  shows  the  concentration  dependence  of  the  solution  Xl  the  fundamental 
wavelength  of  1907  nm.  The  values  of  X^  decrease  linearly  with  increased  concentration 
of  SINC.  Since  the  value  of  DMF  is  known  to  be  positive,  the  yi  value  of  SINC  is  thus 
observed  to  be  negative  in  sign. In  the  infinite  dilution  limit  where  w-^0,  the  microscopic 
third-order  susceptibility  7i  of  the  solute  is  obtained  from  the  following  expression '5 
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where  Mi  is  the  solute  molecular  weight,  X2  the  macroscopic  third  harmonic 
susceptibility  of  the  solvent,  Na  Avagadro's  number  and  the  subscript  0  denotes  the 
infinite  dilution  limit.  At  1907  nm,  yi  ,  which  is  the  isotropically  averaged  value  <y>  for 
SINC,  is  found  to  be  -410  ±  30  x  lO-^^  esu.  THG  measurements  at  1543  show  that  X^^  is 
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independent  of  the  SINC  concentration,  and,  therefore,  <Y>  is  less  than  the  experimental 
uncertainty  of  ±  30  x  esu. 


<Y>  of  SINC  can  be  understood  in  terms  of  the  key  examples  of  type  I  and  type  II 
third  order  virtual  excitation  processes  schematically  illustrated  in  Figure  4.  The  state  is 
a  postulated  large  cross-section  singlet  state  accessible  through  S]  and  S2.  The 

virtual  excitation  process  shown  in  (a)  is  a  type  I  term  deriving  from 
the  large  oscillator  strength  Sq— ^Si  Q  band  excitation.  A  dominant  type  II  term  is  shown  in 
(b)  where  the  Sq— >Si-4Sn^Si-^So  virtual  excitation  process  involves  both  the  Sq— >Si 
and  Sj— >Sn  virtual  transitions.  Correspondingly,  less  important  type  I  and  type  II  virtual 
processes  are  illustrated  in  (c)  and  (d),  respectively,  where  each  involves  the  So->S2 
transition.  Since  the  Sg-^Si  transition  is  much  stronger  than  the  Sq— >82  transition,  the 
virtual  excitation  processes  shown  in  (a)  and  (b)  dominate  those  shown  in  (c)  and  (d). 
Further,  as  a  general  rule,  2D  conjugated  structures  have  smaller  nonresonant  <y>  values 
than  their  ID  analogs.^ 


s. 
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Figure  4  Key  examples  of  third  order  virtual  excitation  processes  conuibuting  to  Xjki(-3a);a),03,a)) 

of  SINC.  The  (a)  type  I  and  (b)  type  II  virtual  excitation  processes  that  involve  the  So-»S,  virtual  transition 
dominate  the  (c)  type  I  and  (d)  type  II  processes  that  involve  the  Sq-^Sj  transition. 


For  the  fundamental  laser  frequencies  used  in  the  present  experiment  of  SINC,  the 
third  harmonic  frequencies  are  larger  than  the  Q  band  excitation  energy  at  1.59  eV.  The  3ci) 
resonance  of  the  Q  band  occurs  for  a  fundamental  frequency  that  is  one-third  of  the  Q  band 
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excitation  energy  or  0.53  eV(2334  nm),  and  the  3a)  resonance  of  the  3.70  eV  B  band 
occurs  for  a  fundamental  frequency  of  1.23  eV(1005  nm).  Since  1907  nm  is  above  the  3o) 
resonance  at  2334  nm,  the  experimentally  measured  value  of  <y>  is  negative  for  that 
fundamental  wavelength.  The  close  proximity  of  1907  nm  to  2334  nm  also  implies  that  <y> 
is  near  resonantly  enhanced  and,  therefore,  large  in  magnitude.  The  fundamental 
wavelength  of  1543  nm,  however,  is  well  between  the  3o)  resonances  of  the  Q  and  B 
bands,  and  the  experimental  value  is  very  small  since  it  lies  in  the  crossover  region  between 
these  resonances. 


4.  RESONANT  THIRD  ORDFR  OPTICAL  PROPF.RTTES 


A  saturable  absorber  exhibits  the  important  resonant  properties  of  nonlinear 
absorption  and  nonlinear  refraction  with  increased  incident  light  intensity.  Absorption 
saturation  has  been  long  known  for  metallophthalocyanine  liquid  solutions^^  and  only 
recently  has  it  been  reported  for  polymer  films  in  the  case  of  SINC.^  Picosecond  single 
beam  and  pump-probe  measurements  of  SINC  liquid  solutions  have  been  carried  out. 
Figure  5  shows  the  saturation  behavior  typically  observed  in  the  single  beam  measurements 
of  the  intensity  dependence  of  the  absorption  coefficient  aL  for  30  ps  pulses  at  770nm 
within  the  Q-band.  SINC  was  dissolved  in  transparent  cyclohexanone.  The  data  were 
analyzed  as  described  previously.^  The  solid  line  in  Figure  5  is  the  least  squares  fit  to  a 
Bloch-type  saturable  absorber  of  the  form 


a(I)L=  --2^--h«bL 


(4) 


where  Is  is  the  threshold  power  for  the  saturation,  a^L  gives  the  low  intensity  linear 
absorption,  and  CgL  is  the  unsaturable  background  absorption.  The  behavior  is 
qualitatively  the  same  as  that  observed  earlier  for  SINC  films.  For  30  ps  pulses,  the 
threshold  intensities  for  saturation  in  the  liquid  samples  were  in  the  range  of  30-100 
MW/cm  .  The  range  in  Is  values  reflect  sample  to  sample  variations.  In  the  presence  of 
impurities  and  aggregation,  both  Is  and  agL  increase  significantly. 

From  the  saturable  absorption  measurements  as  a  function  of  pulse  duration,  one  can 
estimate  the  nonlinear  refractive  index  nj  as  described  earlier  for  SINC  films.^  From  the 
optical  susceptibility  x(w)  for  a  Bloch  type  system,  one  obtains 


"2  =  =  ■  (^)  (-7^) 


47:1/  (1+A^)2 


(5) 


where  is  the  linear  absorption  coefficient,  A  is  the  detuning  (o)  -a)Q)/r,  and  I  is  the 
saturation  power.  The  similar  saturation  behavior  seen  for  the  liquid  and  films  is  important 
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because  the  value  of  02  for  a  SINC  film  is  of  order  10  cm  /kW  which  is  the  largest  nj 
value  obtained  for  a  conjugated  structure.^ 


Figure  5  Saturable  absorption  measured  at  pulse  width  =  30  ps  and  wavelength  X=770  nm.  The 

solid  line  is  the  least  souares  fit  to  Eq.  (4). 


5.  CONCLUSION 

The  nonresonant  and  resonant  optical  properties  of  SINC  liquid  solutions  were 
studied  by  THG  and  saturable  absorption  measurements.  At  a  fundamental  wavelength  of 
1907  nm,  the  isotropically  averaged  third  harmonic  susceptibility  <rf>  was  measured  to  be 
-410  ±  30  X  10'36  esu  ,  while  at  1543  nm,  <7>  was  less  than  the  experimental  sensitivity  of 
±  30  X  10'^^  esu.  Liquid  SINC  solutions  can  be  described  as  easily  saturable,  optical  Bloch 
systems  that  exhibit  absorption  saturation  behavior  similar  to  SINC  films  which  have 
unusually  large  values  for  the  linear  absorptivity  coefficient  aq  of  order  10^  cm'l  and 
intensity  dependent  refractive  index  n2  of  order  lO"^  cm^/kW.  The  n2  value  is  the  largest 
obtained  so  far  for  a  conjugated  structure  and  is  the  basis  for  the  electronic  absorptive 
optical  bi'JtahIp  behavior. 
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ABSTRACT 

Various  methods  of  obtaining  fine  colloidal  precipitates  of  cadmium  sul fo-selenides 
in  Si02  gel  matrices  are  described.  These  materials,  which  are  of  interest  in  opto¬ 
electronic  applications,  can  be  prepared  by  diffusion  of  various  reactants  in  wet  gels. 

The  influence  of  different  preparative  parameters  on  the  diffusion  characteristics, 
the  possibility  of  obtaining  distribution  gradients  and,  in  particular,  the  interest 
of  sonocatalys is  (ultrasonic  irradiation)  are  briefly  presented. 

1 .  INTRODUCTION 

Semiconductor-doped  glasses  have  attracted  much  attention  recently  because  of 
their  large  third-order  optical  susceptibility.  Important  applications  of  these  sys¬ 
tems  in  Q  switches,  degenerate  four-wave  mixing,  optical  phase  conjugation  and  optical 
bistability  have  been  reported.  In  addition,  the  very  small  semiconductor  microcrystal¬ 
lites  formed  by  aggregation  in  these  glasses  also  present  interesting  quantum-confine¬ 
ment  effects^"^.  Typical  systems  are  constituted  by  gla|ses  containing  CdSe^S^_^ 
crystallites  which  are  usually  formed  by  dissolving  Cd^  ,  Se~  and  S“  ions  in  an  oxide 
glass  matrix.  A  subsequent  thermal  treatment  of  the  system  leads  to  the  formation  of 
colloidal  agglomerates  and  finally  of  microcrystallites. 

The  commercially  available  glasses  (Schott)  Code  0C.590  contain  CdSe  S^_  crystal¬ 
lites  with  x/vO.2  ;  their  size  is  about  150  A  diameter  and  the  size  distribution  is 
characterized  by  a  standard  deviation  of  about  50  K.  This  prevents  the  observation 
of  quantum  effects  in  these  glasses  but  more  uniform  size  distribution  and  smaller 
crystal  diameters  can  be  obtained  bv  careful  treatment  of  the  parent  matrix. 
Crystallites  of  30  to  80  A  with  24  A  to  44  A  standard  deviation  have  been  produced  by 
Corning“ . 

Small  colloidal  CdS  particles  were  also  obtained  as  very^ diluted  systems  in  water 
and  acetonitrile  with  typical  dimensions  in  the  range  10-10  A.  Correlations  between 
their  size  and  electronic  absorption,  resonance  Raman  and  luminescence  spectra  were 
also  reported  Thin  films  of  CdS  deposited  by  magnetron  sputtering  on  fused  silica 

substrates  were  also  studied  ®.  These  films  consist  of  small  intersecting  islands  of 
material  of  about  100  A. 

In  the  present  tvork  attempts  to  prepare  analogous  materials  by  sol-gel  methods  are 
described.  Sol-gel  techniques  may  be  used  to  synthesise  oxide  (generally  SiOo-based) 
matrices.  The  introduction  of  CdS  or  CdSe  particles  may  be  accomplished 

by  chemical  reactions  of  the  type: 

■k 
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solv . 


(CdS)  - >  Cd“'^  ,  +  S 

cryst.< — —  solv. 

and  ,, 

(Cd  Se  S  )  - — >  Cd^^  ,  +  x  Se  ,  +(1-x)  S  , 

X  1-x  cryst.< — —  solv.  solv.  solv. 

The  reactions  take  place  in  the  interstitial  liquid  of  the  gel  and  various  configura¬ 
tions  may  be  used  in  order  to  introduce  the  different  components  whicli  should  influen¬ 
ce  particle  size  and  their  distribution. 

Some  of  the  components  may  be  introduced  into  the  sol  prior  to  gelation  and  the 
missing  components  diffused  from  external  sources  or  all  the  components  may  be 
successively  introduced  by  diffusion  methods.  The  reaction  which  takes  place  within 
the  pores  of  the  gel  filled  with  interstitial  liquid  depends  on  the  solubility  product 
of  the  forming  precipitate  and  the  kinetics  will  be  influenced  by  the  concentration 
gradients,  i.e.  by  the  size  and  geometry  of  the  pores  which  control  the  diffusive 
fluxes . 

Classically,  a  gel  matrix  is  prepared  by  hydrolysis  and  oolvcondensation  of  various 
alkoxides,  e.g.  for  SiO^  :  tetramethoxysilane  SiiOCH^)^,  TMOS  or  tetraethoxysilane 
Si(0C2H^)^,  TEOS .  As,  however,  these  reactants  and  water  are  immiscible,  the  addition 
of  a  common  solvent,  usually  an  alcohol,  is  indispensable  to  ensure  initial  homogenei¬ 
ty.  This  can  be  avoided  by  using  ultrasonic  irradiation  during  sol  formation. 

Sonocatalysis  leads  to  gels  which  have  a  higher  density,  smaller  pore-size 
(typically  of ^ 30  A  diameter)  and  more  uniform  pore-size  distribution^. 

The  satisfactory  drying  of  the  gels  requires  the  addition  of  drying  control  chemi¬ 
cal  additives  (DCCA's)  which  are  introduced  into  the  sol  before  gelling.  The  use  of 
these  compounds  results  in  narrower  size  distribution  of  pore  sizes^°. 

The  combination  of  sonocatalysis  with  DCCA’s  should  therefore  create  optimal 
conditions  for  small  and  regular  pore-size  formation  which  in  turn  should  influence 
the  size  of  the  precipitated  crystallites  within  the  gel  matrix. 

The  use  of  the  chalcogenide  particles  containing  gels  for  optical  applications 
necessitates  that  the  surfaces  of  the  gel  pieces  be  satisfactorily  polished  and  that 
the  dried  gels  do  not  condense  vapour  from  the  ambient  atmosphere.  The  best  solution 
is  superficial  or  total  impregnation  with  a  material  of  identical  optical  index  which 
seals  the  pores  without  impairing  the  optical  transmission.  Impregnation  with  polymers 
(e.g.PMMA)  has  been  proposed^'  .  In  this  work  we  used  SiO)  as  sealant  as  has  alreadv 
been  reported  in  a  previous  communication^^  . 

2.  PREPARATION  OF  THE  HOST  GELS 

Pure  silica  gels  were  used  as  matrices  for  CdS  and  CdSe^  _^precipitates  . 

Two  main  classes  were  tested  ; 

a)  "Classic"  gels  formed  from  alkoxides  in  the  visual  wav,  containing  various 
DCCA's  :  formamide,  acetamide,  glycerol.  The  preparation  of  the  classic  formamide- 
containing  gel  follows  essentially  the  recipe  indicated  by  Hench* °  :  15  cm^  of  TMOS, 
12.5  cm'of  formamide  and  12.5  cm'of  methyl  alcohol  are  stirred  for  5  minutes  with  a 
magnetic  blender.  Then  2  cm’  HNO3  and  18.2  cm’  H2O  are  added  and  stirring  continued 
for  a  further  10  minutes.  The  liquid  is  poured  into  a  plastic  container  wliich  is  then 
hermetically  sealed  and  gelation  is  obtained  at  50°C.  The  gels  are  then  aged  for  12h. 
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In  the  case  of  other  DCCA’s,  10  cm^  of  acetamide  or  10  cm^  of  glycerol  were 
substituted  for  12.5  cm^  of  formamide. 

b)  "SonogeLs"  using  ultrasonic  irradiation.  The  compositions  used  were  identical 
to  the  preceding  ones,  except  that  the  12.5  cm^  of  alcohol  was  omitted.  The  mixture 
was  insonated  for  3  minutes  with  an  energy  density  of  O.b  w  cm and  then  poured  into 
plastic  containers  hermetically  sealed.  As  before,  gelation  was  obtained  at  50°C  and 
the  gels  aged  for  12  hours.  The  reactants  used  for  Cd  chalcogenide  precipitates  were  ; 
Cd(N03)2and  K2Se04.  Thioacetaraide  CH3CSNH0  (T/IA)  served  as  the  source  of  S=  ions. 

The  following  methods  of  introducing  the  various  reactants  were  used  : 

2-1  Successive  diffusions  method 

1  ■ 

In  this  method,  already  indicated  by  ROY  ,the  pure  Si02  aged  gel  was  removed  from 
the  syneresis  liquid  and  washed  with  distilled  water.  The  first  reactant,  usually 
Cd(N03)2  in  water  solution,  was  then  diffused  for  1-4  days.  After  rinsing  in  distilled 
water,  the  second  reactant,  generally  thioacetamide,  was  diffused,  immersing  the 
specimen  in  a  solution  of  TAA  in  water.  To  measure  the  diffusion  coefficient,  the 
space  between  the  specimen  and  the  vessel  containing  the  TAA  solution  was  partially 
filled  with  polyethyleneglycol  (PEG)  leaving  only  the  upper  specimen  face  in  contact 
with  TAA.  This  arrangement  enables  the  axial  progress  of  the  reaction  front  to  be 
easily  monitored. 

2-2  Simple  diffusion  method 


In  this  method  Cd(N03)2  (and  eventually  K2  Se04)  were  dissolved  in  the  initial 
mixture  before  gelling.  The  resulting  gels  containing  Cd-"*"  (and  eventually  Se~)  ions 
were  then  placed  in  contact  with  the  TAA  solution.  It  should  be  noted  that  before 
diffusion  of  TAA  the  initially  Se-doped  gels  were  colourless.  This  seems  to  indicate 
that  the  reaction  betw’een  Cd-'*’  and  Se~  did  not  occur  before  the  introduction  of  S~ions. 
The  precipitate  layer  is  yellow-orange  with  a  shift  towards  red  as  the  proportion  of 
Se  increases. 

In  a  limited  number  of  cases  diffusion  from  a  gas  phase  without  direct  contact  with 
TAA  solution  was  tested.  The  presence  of  the  reactive  atmosphere  containing  TAA  was 
sufficient  to  bring  about  a  faint  yellow  colouration,  the  Cd-containing  gels  being 
placed  singly  in  the  vicinity  of  an  open  container  filled  with  TAA  solution  at  50°C 
for  periods  of  up  to  3  weeks.  Sometimes  coloured  bands  appeared  in  glycerol- 
containing  gels. 

2-3  Solid  couple  diffusion  method 


In  this  method  two  separate  gels,  one  containing  Cd(N03)2(and  evt.K2Se04)  and  the 
second  TAA,  are  put  in  contact  with  each  other  forming  a  diffusion  couple.  Contact  is 
maintained  for  1  hour,  then  the  gels  are  separated  and  maintained  at  50°C.  This 
permits  the  extent  of  the  reaction  to  be  limited  and  produces  lighter,  more  transpa¬ 
rent  specimens.  It  is  possible  to  obtain  in  this  way  concentration  gradients  in 
precipitated  particles  ■ hich  give  rise  to  optical  density  gradients. 

It  is  to  be  noted  that  Cd-containing  gel  becomes  more  intensely  coloured  than  its 
TAA-doped  counterpart  -  this  seems  to  indicate  that  the  transport  velocity  of  S-  ions 
is  higher  than  that  of  Cd^"'’  ions. 
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In  the  case  of  gels  containing  glycerol  as  DCCA,  coloured  bands  were  observed 
in  some  of  the  diffusion  experiments. 

3.  DIFFUSION  MEASUREMENTS 

When  a  compound  diffuses  through  a  gel  containing  a  substance  v,/hich  will  form  a 
sparingly  soluble  precinitate  with  this  compound,  the  precipitate  will  usually  appear 
as  a  dense  mass  with  a  fairly  sharp  plane  diffusion  front.  The  process  obeys  Fick's 
diffusion  law. 


If  c^  and  Co  arc  respectively  the  concentrations  of  the  external  diffusing 
compound  and  of  the  substance  contained  in  the  gel  and  D-|  and  D9  their  corresponding 
diffusion  coefficients,  assumed  to  be  constant  : 


9c 


1 


9t 


9 

9"  c 


1 


and 


9 

9^c 


2 


9x‘' 


At  the  diffusion  boundary  they  satisfy  the  relation  : 


D 


1 


9t 


o 


The  diffusion  front  defined  by  the  distance  Xf  from  the  interface  will  advance  as  a 
function  of  time  t  according  to  the  formula  : 

^f  "  *"1  V  2D^t  (1) 

where  is  the  solution  of  the  so-called  "Adair's  equation" 


19  IT"* 
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G(k) 

In  this  equation  G(f,)  is  defined  as 

(T 

1  r 


y  -  G(ks) 


cio  = 


\2i 


exp  (-  y  n  )  dn 


or,  in  terms  of  error  functions  ; 


erf(Q  =  ^1=  /  exp  (-’"■''■)d’^ 
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can  be  calculated  from  the  diffusion  constants  D^o  and  D20  -it  infinite  dilution  of 
the  two  reactants  using  Nernst  equation. 


Aci’ording  to  the  relation  (1)  the  plot  of  vs  '{t  should  be  linear.  In  the 
diffusion  experiments  presented  here  the  advance  of  the  diffusion  front  Xj-  is 
followed  measuring  the  thickness  of  the  coloured  precipitate  layer  and  a  'penetration 
coef  f  i  c  Lent:  ”  ; 


eva 1 u  at  ed . 


=  x^/2t 


(4) 


I'lie  solution  of  the  Adair's  equation  (2)  then  yields  the  factor  and  the 
diffusion  coefficient  D]  of  the  external  reactant  is  given  by  the  relation  : 

D,  =  p/k^  (5) 

In  our  case  we  have  assumed  s=l  which  can  be  shown  to  be  equivalent  to  Adair's 
"negative  ion  convention".  This  amounts  to  assuming  that  the  in  situ  reactant 
effectively  removes  the  incoming  reactant  and  diffus  s  in  the  opposite  direction  to 
the  inc.oming  reactant  at  the  same  speed.  This  is  a  reasonable  assumption  when  q>10 
i.e.  when,  for  s=1 ,  k|>1.5.  For  smaller  q  values,  however,  tlie  influence  of  s  is 
greater  and  when  ,  at  constant  q,  s  increases,  k^  decreases  which  means  that  by 
assuming  s=1  the  is  then  underestimated. 

4,  RESULTS 


4- 1  Preparation  of  CdS  precipitates 
4-I-I  Successive  diffusions  method 

Figures  la  and  1b  show  the  results  obtained  respectively  for  glycerol-containing 
"classic"  gels  and  "sonogels".  In  these  experiments  the  concent  rat i on  of  the  inner 
component  CdiNOjlT  was  kept  constant  at  Co  =  3.49  x  10“^  mol /I  and  the  concentra¬ 
tion  C|  of  the  external  infusing  component  (TAi\)  was  varied  between  19xl0“2  niol/1 
and  30x10" 3  mol /I 

The  results  show  that  in  all  cases  there  is  a  verv  fast  uptake  of  TA.^  resulting 
in  the  formation  of  a  superficial  layer  of  CdS  (of  about  2.5  mm  in  20  minutes) 
foll:.'wed  by  a  much  slower  increase  in  thickness. 

l.ible  1  shows  the  corresponding  diffusion  parnmetiers  p,  ki  and  D-j  calculated 
for  both  the  "fast"  and  "slow"  diffusion  stages.  In  the  fast  diffusion  the  coeffi¬ 
cient  !s  seen  to  be  practically  constant  and  close  to  1.5x10"5  cm-s“^. 

In  the  Second  stage  the  diffusion  coefficients  of  classic  gels  art'  higher  than  those 
of  sonogels  and  depend  on  the  TAiv  concentration  whilt'  those  for  sonogels  are 
practically  independent  'if  T/XiX  concentration. 

4-'-l  Single  diffusion  method 

When  the  inner  reactant  CdCN'O^)-!  is  not  diffused  separately  but  incorporated 
before  gelation,  the  diffusion  pattern  is  modified. 
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Fig.1  -  Diffusion  of  TAA  into  glycerol-silica  gels  containing  3.29x10  mol/1  CH(N0y 
previously  introduced  by  diffusion,  for  various  TAA  concentrations: 

•  :  19x10“3mol/l  ;  X  :  26x10“3niol/l  :  ▲  :  30x  1 0“3n]ol /I 


a)  classic  gels 


x,(cm) 


Fig. 2  -  Diffusion  of  T/V(\  into  formamide- 
siHca  gels  with  3.29x10~3  Cd  (N03)2  mol /I 
f(^r  two  FAA  concentrations  ; 

X:  1 .73x10-3mol/l  ;  •  :  1 3 . 9x1 0"3mol /I 


b)  sonogels 


Fig. 3  -  Diffusion  of  TAA  of  concentration 
1  3 .9x10~3[nol /I  into  formamide-silica  gels 
containing  1  .  29x  1 0~3j^ol /I  Cd(N03)2  and 
2 . 5x1 0“'^mol /I  K2Se04 
•  :  classic  gels  ;  ^  :  sonogels 
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Table  I 


Diffusion  of  TA^\  of  concentration  c ^ in  silica  gels  containing 
C2=  3,29  X  10'^  mol/1  of  CcKNO^)^ 


FAST 

DIFFUSION 

SLOW 

DIFFUSION 

t  < 

20  min. 

t  > 

20  min. 

Gel  Type 

c ] X  10^ 

p  X  1 0 

'  °1^ 
cm^ 

10^ 

p  X  10 

^  D^x  10' 
cm^  s“^ 

and  DCCA 

mol  /  I 

^1 

cm^s~^ 

s-i 

cm^s“^ 

19 

1  .45 

3.2 

1  . 

52 

0.88 

0.42 

CLASSIC 

24 

1  .52 

3.75 

1  . 

55 

1  .62 

0.70 

GLYCEROL 

26 

1  .56 

3.5 

1  . 

44 

1  .65 

0.67 

30 

1  .65 

4.2 

1  . 

54 

2.72 

1  .0 

19 

1  .45 

3.5 

1  . 

67 

0.76 

0.36 

SONO 

22 

1  .51 

3.5 

1  . 

52 

0.76 

0.33 

GLYCEROL 

26 

1  .56 

3.75 

1  . 

48 

0 .76 

0.31 

30 

1  .65 

5.7 

2 . 

09 

1  .02 

0.37 

Figure  2  shows  typical  results  for  a  formamide-containing  sonogel.  The  diffusion 
is  more  regular  in  the  beginning  and  shows  a  very  progressive  slowing  down  for  higher 
diffusion  times. 

Table  II  assembles  the  initial  diffusion  parameters  obtained  for  classic  gels  and 
sonogels  with  different  DCCA's.  It  can  be  seen  that  when  TAA  concentration  increases 
the  penetration  coefficients  p  increase  but  the  diffusion  constants  actually 
decrease .  The  type  of  gel  influences  : 

(sono-formamide) /D^  (classic-f ormamide)  0.7  -  0.8 

(sono-f ormamide) /D^  (sono-glycerol )  0.8 

Table  II 

Diffusion  of  TAi\  of  concentration  ^^in  silica  gels  containing 
C2=  1,28  X  10-"^  mol/1  Cd(N02)2 


Gel  Type 
and  DCCA 

3 

C|X10 
(mol /I ) 

S 

p  X  10^ 

cm^  s~^) 

D.  X  1 0 ' 
(cm^  s~^) 

CLASSIC 

1  .73 

0.79 

1  .25 

1  .96 

FORMAMIDE 

13.9 

1.72 

2.45 

0.83 

SONO 

1  .73 

0.79 

O.oO 

1  .25 

FORiMAMIDE 

13.9 

1.72 

1  .73 

0.58 

SONO 

1.73 

0,79 

1  .0 

1  .60 

GLYCEROL 

13.9 

1.72 

2.1 

0.71 
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4-2  Preparation  of  CdSe  S,  precipitates 

^ _ X  I  -X  _ _ _ 

Figure  3  shows  typical  diffusion  plots  obtained  for  a  f ormamide-sonogel  compared 
to  a  classic  formamide  gel.  The  gels  contained  1 . 28x1 0“3mol /I  Cd(N03)2  and 
2 . 5x1 0“^mol/l  K2Se04.  The  TAA  concentration  was  13 .9x10“3inol/l . 

The  diffusion  parameters  are  contained  in  Table  III  which  shows  results  obtained  for 
a  series  of  sono- and  classic  gels  with  formamide  or  DCCA  as  a  function  of  TAA 
concentrat ion. 

Table  III 

Diffusion  of  TAA  of  concentration  c  j  in  silica  gels  containing 
c  .,  =  1,28  X  10  \,ol/l  Cd(N0  )„  and  2,5  x  10~‘^mo]/l  K  SeO, 

J  ^  -4 


Classic 

Gels 

Sono  Gels 

DCCA 

c  ^  X  10^ 
(moT/l ) 

p  X  10^ 

(cm^  s”^) 

D^x  10® 
(cm^  s~^) 

p  X  10® 

(cm^  s“^) 

X  10® 

(cm-  s“^) 

1.74 

0,79 

0.16 

0.26 

0  .09 

0.15 

W 

3.47 

1 .09 

0.33 

0.28 

0.21 

0.18 

Q 

6.94 

1.42 

0.52 

0.26 

0.29 

0,14 

1 

8.00 

1,48 

0.55 

0.25 

0.31 

0.14 

10.90 

1  .59 

0.61 

0.24 

0.31 

0.12 

O 

u. 

12.50 

1.68 

0.68 

0.24 

0.38 

0.13 

13.89 

1  .73 

0.70 

0,23 

0.44 

0.15 

Figure  4  shows  the  evolution  of  the  diffusivity  Di  as  a  function  of  the  TAA 
concentration.  It  can  be  seen  that  is  practically  independent  of  (TAA) . 

This  justifies  the  original  assumption  in  the  Fick's  equations  that  is  independent 
of  concentration.  The  average  value  of  the  diffusion  constants  are  : 

D  (classic)  =  0.25  +  0.03  cm^s  ^ 

9  _  1 

D  (sono)  =  0.145  +  0.03  cm^s 

and 

(sono)/D^  (classic)  0.6 

5.  GENEPxAL  DISCUSSION  OF  THE  RESULTS 

Specimens  obtained  by  the  double  diffusion  method  give  rise  to  rather  opaque 
precipitate  layers.  The  opacity  can  be  reduced  by  diminishing  the  Cd(N03)2 
concentration.  The  TAA  concentration  and  temperature  are  less  effective  in  control¬ 
ling  the  degree  of  transparency. 

The  initial  stage  of  rapid  diffusion  is  linked  with  abundant  precipitation  of 
chalcogenide  particles  and  their  agglomeration  into  voluminous  precipitates  which 
can  attain  0.5  pm  and  more  as  shown  by  electron  microscopy  (Fig. 5a). In  this  method 
the  original  solvent  elimination,  followed  by  rinsing  in  distilled  water,  enlarges 
the  pores,  eliminating  the  residual  groups  and  parts  of  th.e  gel  skeleton.  This  is 
favourable  to  the  increase  of  particle  size  of  the  precipitate  by  diffusion, 
agglomeration  and  coarsening. 
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In  contrast,  simple  diffusion  methods  where  the  gel  skeleton  is  intact  and 
contains  a  highly  dispersed  Cd(N03)2  in  the  micropores,  lead  to  very  small  size 
precipitates  which  are  trapped  in  the  individual  pores  and  do  not  coalesce  easily. 

The  transparency  of  the  samples  can  be  complete  and  correspondingly,  electron 
microscopy  shows  only  uniform  darker  veils  obscuring _^the  nores  without  resolved 
particles  -  the  size  of  which  is  probably  below  100  A  (Fig. 5b). 

The  simple  diffusion  method  is  thus  to  be  adopted  in  optical  applications. 

Behaviour  during  drying  and  final  impregnation  depends  on  the  m.ethod  used  to 
prepare  the  host  gel.  In  general  it  has  been  observed  that  sonogels  show  a  lesser 
tendency  to  break  into  fragments  on  drying  than  do  the  "classic"  gels.  With  regard 
to  the  various  DCCA's  tested,  the  gels  containing  formaraide,  and  especially 
acetamide,  show  the  best  resistance  against  fragmentation,  while  glycerol-containing 
gels  are  the  worst  and  also  give  rise  to  non-uniform  precipitation.  The  volume 
shrinkage  of  gels  on  drying  varies  with  the  DCCA  used  in  the  order  : 

(glycerol)  <  (formamide)  <  (acetamide). 
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ABSTRACT 

The  sol-gel  process  has  been  applied  successfully  to  the  preparation  of  small-particle-size  ZnS,  CdS 
or  PbS-doped  silica  glasses  with  a  significant  quantum  size  effect.  Gels  prepared  through  the 
hydrolysis  of  complex  solutions  of  Sl(OC2H5)4  and  acetate  of  Zn.  Cd  or  Pb  were  heated  at  500  to  SOO^C, 
then  reacted  with  H2S  gas  to  form  fine  microcrystals  doped  glasses.  From  X-ray  diffraction  analyses 
and  transmission  electron  micrographs,  these  crystals  were  cubic  ZnS.  hexagonal  CdS  and  cubic  PbS 
crystal,  respectively,  and  their  sizes  were  2  to  8  nm  in  diameter.  In  the  optical  absorption  spectra,  the 
absorption  edge  exhibited  a  blue  shift  compared  with  those  of  the  bulk  sulfides  crystals.  Size 
dependence  of  energy  shift  was  discussed  in  relation  to  size  quantization  of  electron-hole  in 
microcrystals.  The  nonlinearity  was  estimated  to  be  1.5  x  10' esu  for  2%  CdS  doped  glass. 


1.  INTRODUCTION 


Recently,  there  has  been  a  significant  increase  of  interest  in  nonlinear  optical  materials.  Glasses 
doped  with  small  size  semiconductors.  In  which  the  electron  and  hole  wave  functions  are  quantum 
confined  by  a  deep  potential  well,  have  large,  resonant  third-order  nonlinearity.  Jain  and  Lind  first 
studied  high,  nonhnear  optical  properties  of  CdSxSe(i-x)  doped  glasses! .  Since  them,  although  many 
results  have  been  published,  the  glasses  measured  are  commercial  filter  glasses  and  the  dopants  are 
limited  to  a  few  crystals  such  as  CdSxSe{i.x)  or  CuCl2-7.  it  is  desired  that  many  different  type  of 
semiconductor  crystals  can  be  Incorporated  into  glasses,  which  enables  us  to  extend  the  studies  beyond 
the  limitation  of  CdSxSe(i.x)  or  CuCl. 

The  authors  have  been  conducting  a  study  of  the  preparation  of  glasses  containing  small  size 
semiconductor  particles  by  the  sol-gel  process  and  first  reported  the  CdS  microcrystals  doped  silica 
glasses®'®.  Sol-gel  process  is  superior  to  the  conventional  glass  melting  method  because  it  provides 
glasses  of  unusual  compositions  with  high  purity  and  good  homogeneity  at  temperatures  slgriificantly 
lower  than  those  required  by  the  melting  method. 

In  this  study,  we  report  the  prepciratlon  of  ZnS.  CdS  or  PbS  microcrystals  doped  silica  glasses  by  the 
sol-gel  process.  Cryst^  structure  and  size  were  determined  and  the  blue  shift  in  the  optical  absorption 
of  the  obtained  glasses  were  Investigated  in  relation  to  the  quantum  size  effect  of  their  crystals.  The 
nonlinearity  of  CdS  doped  glass  was  also  estimated  by  the  degenerate  four-wave  mixing  method. 

2.  EXPERIMENTAL  PROCEDURE 


2  1  ■  Preparation  of  glasses  and  their  reaction  with  HoS  gas 


Sulfides  doped  glasses  were  prepared  by  synthesis  of  silica  glasses  containing  4.2%  ZnO,  4.4%  CdO 
and  4.5%  PbO.  respectively,  and  subsequent  reaction  with  H2S  gas.  The  process  is  represented 
schematically  in  fig.  1.  Sl(OC2H5)4  was  at  first  partially  hydrolyzed  by  dropping  it  into  a  mixed 
solution  of  H2O.  C2H5OH  and  HCl  of  which  the  molar  ratio  was  1.  1  and  0.0027  mol.  respectively,  per  1 
mol  of  S1(0C2H5)4.  After  this  solution  was  stirred  for  1  h,  the  each  metal  acetate  dissolved  m  CH3OH 
was  added,  followed  by  stirring  for  1  h  at  room  temperature  The  resultant  homogeneous  solution  was 
hydrolyzed  by  adding  the  mixed  solution  of  H2O,  C2H5OH  and  NH4OH  as  a  catalyst.  In  this  second 
hydrolysis  reaction,  the  molar  ratio  was  maintained  at  4.  1  and  0.0027  mol.  respectively,  per  1  mol  of 
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Fig,  1.  Schematic  representation  of  the  sol -gel  process 


Sl(OC2ff5)4.  After  stirring  for  1  h,  the  solution  was  poured  Into  a  polystyrene  container  and  was  leR  for 
2-3  d  with  cover  to  form  a  stiff  gel,  followed  by  drying  without  cover  for  3-4  d  at  room  temperature. 

This  gel  was  healed  at  50”C/h  to  500~900°C  and  kept  for  2  h.  Reaction  of  glass  with  H2S  gas  was 
performed  by  flowing  the  dried  H2S  gas  at  25  to  400°C  in  a  glass  tube  which  was  previously  placed 
under  vacuum  by  a  rotary  pump. 

2.2.  Measurement  of  N?  gas  adsorption 

Surface  measurement  of  glasses  was  performed  by  N2  gas  adsorption  using  a  Mlcromcrltlcs 

Instrument  (Flowsorb  II,  2300).  Ttie  specific  surface  area  and  the  pore  size  distribution  were  calculated 
by  BE'r  equation  and  the  Cranston-Inkley  model,  respectively. 

2.3.  Characterization  of  mlcrocrvstals  doped  glasses 

The  X-ray  diffraction  measurements  were  carried  out  using  a  Rlgaku  dlffractometert  Rad-C  System) 
with  a  copper  K  a  wavelength  and  a  graphate  monochrometer.  The  diffracted  X-ray  was  collected  by 
.scanning  between  2  0  =  20  and  60^  In  0.04°  steps  and  counting  for  100  s. 

Glass  microstructures  were  also  studied  with  a  JEM-2000FX  transmission  electron  microscope. 
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Optical  absorption  spectra  of  the  glasses  0. 1  to  0.5  mm  thick  were  measured  in  the  range  200  to  3000 
nm  with  a  Shimadzu  UV-3100S  spectrometer. 

3.  RESULTS  AND  DISCUSSION 
3.1.  Sulilde  mlcrocrvstals  precipitation 

The  gels  prepared  by  the  sol-gel  process  were  porous,  with  a  mean  pore  radius  ranging  from  1  to  1.5 
nm  .  and  they  contained  physically  and  chemically  adsorbed  water  and  organic  compounds  on  their 
particle  surfaces.  \Vlien  heated,  these  gels  shrank  according  to  dehydration-condensation  reaction  and 
sintering,  which  resulted  In  collapse  of  the  pores.  The  porous  structure  remained  unchanged  In  glasses 
heated  below  900'^C.  at  which  temperature  the  gels  transformed  Into  Impervdous.  nonporous  glasses. 
Specific  surface  area  of  glasses  heated  for  2  h  at  500'^C  Is  listed  In  table  1.  420  to  550  m^/g.  In  which 
large  difference  Is  not  observed  between  the  compositions. 

E.xpcsing  the  porous  gla.sses  to  H2S  gas  changed  their  colors  to  yellow  and  brown  to  black  for  CdO  and 
PbO  containing  glasses,  respectively,  whereas  the  glass  containing  ZnO  remained  transparent.  These 
phenomena  indicate  the  formation  of  sulfide  crystals  in  the  glass  matrices. 

Figure  2  shows  the  XFID  patterns  of  glasses  heated  a!  500'’C(a)  and  then  reacted  with  H2S  gas  at 
various  times  and  temperatures(b.  c  and  d).  The  glass  heated  at  500°C  only  shows  the  typieal 
amorphous  halo  pattern,  whereas  the  XRD  patterns  of  glasses  reacted  with  H2S  gas  have  several  broad 
peaks  on  a  background  due  to  the  amorphous  phase.  Comparing  the  peak  profiles  with  JCPDS  flles^®, 
the  data  files  are  fitted  quite  well  to  the  cubic  ZnS,  hexagonal  CdS  and  cubic  PbS  crystal  for  patterns 
(b),  (c)  and  (d).  respectively,  and  all  the  peaks  can  be  indexed  to  diffraction  lines  of  each  crystal  as  seen 
In  figs,  2(1)),  (c)  and  (d). 

The  size  of  crystal  was  determined  from  broadening  of  the  diffraction  lines,  using  the  Scherrer's 
fonnula  D  =  0.9  X  /(0  cos  0  ).  where  X  Is  X-ray  wavelength  and  Is  the  line  broadening.  The  value  of 
line  broadening,  defined  ns  the  full-width  at  half-niaxlmum(FWMM)  Intensity  of  the  broad  diffraction 
line,  was  obtained  by  taking  the  Instrument  broadening  into  account'^.  Tlie  mean  diameters  of  the 
mlcrocry'stals  were  calculated  as  4.0,  5.8  and  5.7  nm  for  figs.  2(b).  (c)  and  (d),  respectively. 

Transmission  electron  microscopy  was  used  to  confirm  the  results  obtained  by  XRD  analyses.  Figure 
3  shows  the  TEM  micrographs  of  fracture  surfaces.  The  particles  observed  are  practically  spherical,  of 
which  average  sizes  coincide  with  the  results  of  XRD  analyses.  Hereafter,  the  size  of  crystals  was 
detennlned  from  the  XRD  experiments.  It  was  found  that  the  crystal  size  Increased  with  Increasing  the 
exposure  time  and  temperature  to  H2S  gas. 


Table  1 

Specific  surface  area  of  glasses  healed  for  2  h  at  500°C 


Surface  area 
(m^/g) 

ZnO 

4  24 

CdO 

554 

PbO 

538 
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Fig  3.  Transrrasslon  electron  micrographs  of  glasses  containing  ZnO(a).  CdO(b)  or  PbO(c)  reacted 
with  H2S  gas  (a)  for  4  h  at  lOO^C.  (b)  for  20  h  at  250C  or  (c)  for  23  h  at  250”C  after  heating  at 
50CPC  ^ 
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Fig.  4.  AbsorpUon  spectra  of  glasses  containing 
ZnO  (a).  CdO  (b)  or  PbO  (c)  reacted  with 
H2S  gas  (a)  for  5  h  at  250«C.  (b)  for  2  h 
at  250c  or  (c)  for  1  h  at  250Oc  after 
heating  at  500°C. 


Fig.  5.  Relations  between  the  eneigy  gap  and 
the  crystal  size. 


2.2,  Optical  absorption  spectra 

Figure  4^ows  the  absorption  spectra  of  glasses  containing  ZnO.  CdO  and  PbO.  respecUvely.  heated 
lor  2  h  at  SOCrC.  followed  by  reaction  with  H2S  gas  at  various  times  and  temperatures.  The  absorption 

glass  shows  a  long  tall,  suggesting  the  broad  distribution  of  particles  size.  The 
bsorptlon  Is  assigned  to  a  transition  from  the  highest  hole  subband  to  the  lowest  electron  subband 
leveb  and  tne  gap  energies,  obtained  by  Interpolating  the  absorbance  at  zero,  are  3.73 . 2.74  and  1.20  eV 
lor  ngs.4(a)  (b)  and  (c).  respectively.  Comparing  with  the  band  gaps  of  ZnS.  CdS  or  PbS  bulk  crystals 
the  values  of  ftg.  4  correspond  to  0.09.  0.21  and  0.79  eV  of  blue  shifts.  The  blue  shift  proves  the  quLtuni 
size  elTect  of  the  rnlcrocrystals  doped  In  the  matrices.  Tlie  blue  shift  energy  was  found  to  decrea^  as  Uie 
exposure  time  and  temperature  to  H2S  gas  Increase. 

3.3.  Quantum  size  efTect  of  sulfides  mlcrocrvstalllne  doped  glasses 

2^  absorption  edge  can  be  considered  due  to  the  quantum  size  effect  of  the  carrier 
charge  carriers  In  the  semiconductor  particles  are  in  potential  wells  defined  by  the 
bands  of  the  particles  and  the  dielectric  glass  matrix.  This  carrier 
creation  of  discrete  levels  in  the  conduction  and  valence  band  In  small 
particles.  Therefore,  the  energy  gap  should  Increase  with  decreasing  the  crystal  size. 

0  quantum  slz^e  effect  of  our  sulfides  doped  glasses,  the  absorption  edge  and  crystallite 

O' glasses  reacted  with  H2S  gas  at  various  conditions  were  determined  from  the  absorption  spectra 
and  analyses  respectively.  Figure  5  shows  the  relations  between  the  energy  gap  and  crystallite 
size.  M  the  crystallite  size  decreases,  the  band  gap  ener^  Increases.  Crystal  size  dependence  of  these 
quantum  size  effects  was  examined  by  the  models  of  Brus^2 
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Flnaly,  the  nonlinear  optical  properties  were  studied  using  forward  degenerate  four-wave  mixing 
(DFWM)  method.  FYom  the  DFWM  experiment,  the  nonlinearity  of  2%  CdS  doped  glass  was  estimated 
to  be  1.5  x  10'^®  esu  at  390  nm  which  was  the  wavelength  correspond  to  the  band  gap  energy. 
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ABSTRACT 

CdS-dopod  SiO^  g-J asses  have  been  prepared  through  the  sol -gel  process.  A  methanol 
solution  of  cadmium  nitrate  and  thiourea  in  a  molar  ratio  of  1:2  was  added  to  the 
Si02  sol  prepared  from  silicon  tctraethoxide.  The  mixed  solution  was  left  for 
gelation  at  50  °C  and  thereby  complexes  of  cadmium  nitrate  with  thiourea  were 
confined  in  the  gel.  The  gel  obtained  was  then  heat-treated  at  350  °C  in  air  for 
the  decomposition  of  the  complexes  to  CdS,  the  elimination  of  residual  organics, 
and  the  densif ication.  The  above  proc^'ss  produced  the  transparent  Si02  glasses 
doped  with  CdS  microcrystallites  up  to  Cd/Si  =  0.05.  The  optical  absorption  edge  of 
the  CdS-doped  glasses  moved  to  longer  wavelengths  from  that  of  non-doped  Si02  glass¬ 
es  with  increasing  Cd/Si  ratio.  The  size  of  CdS  micrncrystall i tes  in  the  glasses 
was  further  controllable  with  the  addition  tj.  heat-treatment  at  around  400°C  in  a 
10%  ll2S/90%  Ar  stream.  For  these  CdS  microcrystallite-doped  glasses,  the  peak  of 
photoluminescence  was  shifted  to  shorter  wavelengths  relative  to  the  absorption  edge 
of  CdS  crystal,  in  agreement  with  the  blue  shift  of  the  optical  absorption  edge; 
these  shifts  were  indicative  of  the  quantum  size  effects. 


1.  INTRODUCTION 

Semiconductoi  microcrystaUites  doped  in  glasses  exhibit  optical  properties  differ¬ 
ent  from  bulk  crystals  auf  to  the  quantum  size  effects. One  of  the  practical 
interests  in  these  materi..*ls  is  the  very  fast  and  strong  optical  nonlinear  response, 
which  has  a  potential  application  to  optical  switching  and  signal  processing. 

For  the  manifestation  of  the  strong  nonlinearity  in  these  materials,  it  is  essential 
to  control  the  size  and  its  distribution  of  the  doped  microcrystallites.  Commer¬ 
cially  available  cut-off  filters  are  typical  glasses  doped  with  semiconductor  micro¬ 
crystallites  such  as  CdS.i^Se|_^  and  produced  by  the  conventional  mel  t -quenching 
method.  Various  doping  techniques  have  also  been  studied  extensively  to  improve  the 
above  characteristics  and  to  extend  the  variety  of  doped  semiconductors;  modified 
mei t-quenchi ng,  sputtering  ■  and  so  on. 

The  sol -gel  process  is  an  alternative  method  to  dope  semiconductor  microcrystallites 
to  glasses.  Nogami  el  al  .  have  recently  prepared  CdS  mii.-rocrystal  1  i  te-doped  Si02 
glasses  through  the  sol -gel  process;  CdO-contain ing  Si02  glasses  wore  first  prepared 
by  the  usual  sol -gel  method  and  then  CdO  in  the  glasses  was  sulfurized  to  CdS  on 

q  1  n 

exposure  to  a  H2S  stream.' ’  On  the  other  hand,  the  present  authors  have  proposed 
a  different  sol-gel  process  for  the  doping  of  semiconductor  microcrystallites  to 
glasses.  In  the  process,  metal  salts  and  thiourea  are  added  to  sols  which  are  pre- 
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pared  from  metal  alkoxides,  confined  in  gels  on  gelation,  and  then  thermally  decom¬ 
posed  to  metal  sulfides  in  the  gels;  CdS  microcrystallite-doped  Si02  glasses  have 
been  prepared  by  this  process. The  above  process  is  based  on  the  fact  that  metal 
salts  form  complexes  with  thiourea  and  the  aqueous  solutions  containing  these  com¬ 
plexes  are  used  for  the  preparation  of  the  sulfide  films  by  the  spray-pyrolysis  in 


air. 


12-14 


The  pr('s('nt  paper  concerns  with  the  formation  of  complexes  of  cadmium  salts  witli 
thiourc'a  in  alcohol  solutions,  the  formation  process  of  CdS  microcrystal  1 i te-doped 
SiO.)  glasses,  and  the  optical  properties  of  the  resultant  doped  glasses. 


2.  KXPKR I MENTAL 

Silicon  t et raet hoxi de ,  SilOKt)^,  was  diluted  with  ethanol,  EtOll,  and  hydrolyzed 
with  IL^O.  which  contained  0.3  %  HCl,  the  molar  ratios  of  EtOil  and  H2O  to  Si  (OEt)^ 
being  To  and  5,  respectively.  Proper  molar  ratios  of  cadmium  salt  and  thiourea, 
SC(Nll9).j,  were  dissolved  in  methanol.  MeOll ;  MeOH/Si  (OEt  1^  was  10.  A  variety  of 
cadmium  salts  such  as  nitrate,  chloride,  acetate,  and  sulfate  were  examined  as  a 
starting  material  in  terms  of  solubility  in  alcohol.  Among  them,  Cd ( NO3 )£ -41120  was 
found  to  be  the  most  soluble  in  MeOll  and  hence  used  through  the  present  work.  An 
appropriate'  amount  of  the  methanol  solution  thus  prepared  was  mixed  with  the  above 
SiO.,  sol  and  left  for  gelation  at  .50°C;  the  sol  gelled  typically  in  about  20  h. 
After  being  dried,  the  obtained  gel  was  heat-treated  in  air  for  the  decomposition  of 
the  complexes  of  Cd(N02)2  with  SC(Nll2)2  CdS,  the  elimination  of  residual  organ¬ 
ics.  and  the  dens i f i cat i on .  Some  gels  were  subjected  to  further  heat-treatment  in 
various  atmosph(!res  to  control  the  size  of  precipitated  CdS;  the  details  of  the 
heat -tri'atinent  will  be  described  below. 

The  gels  were  thermally  analyzed  with  a  differential  thermal  analysis/thermogravim¬ 
etry  (MAC,  TG/DTA  2000)  to  determine  heat-treatment  conditions.  The  optical  absorp¬ 
tion  spectra  of  the  doped  glasses  were  measured  at  room  temp. -ature  using  a  LV-visi- 
bie  spectrophotometer  (Hitachi,  1-3200).  The  photoluminescence  spectra  was  measured 
at  77  K  using  a  fluorescence  spectrophotometer  (Shimadzu,  RE-501).  Th('  x-ray  dif¬ 
fraction  patterns  were  obtained  using  a  rotating  cathod  x-ray  di f f rael omet er  (Riga- 
ku,  RAD-rA).  The  size  of  the  doped  crystallites  was  evaluated  using  a  iransmission 
elf'ctron  microscope  (.JEOL,  JEM-2000).  The  IR  spectra  were  measurc'd  using  an  IR 
sp''ct rophotometer  (Hitachi,  260-50)  by  the  KHr  method. 


3.  RESULTS  AND  DISCUSSION 

3.1  Eormation  of  complexes  of  cadmium  salts  with  thiourea 

As  mentioned  above,  cadmium  salts,  rdX2  (X  =  Cl'.  or  CH.jCOO"),  form  complexes, 

Cd  [  SC  (  ML, )  r,  I  „Xr, ,  with  SC  (  ML, )  o  in  aqueous  solution:  n  dt'pends  on  the  preparation 
^  M  nL  ^ 

conditions.  The  formation  of  the  complexes  of  Cd(NO.j).,  with  SC(ML,).)  in  metha¬ 

nol  solutions  was  studied  from  the  x-ray  diffraction  and  IR  spectra  on  1  iu'  erystal- 
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lino  residue,  which  remained  after 
evaporating  the  solvent  from  the  solu¬ 
tion  of  both  components  in  various 
molar  ratios.  The  x-ray  diffraction 
patterns  showed  that  the  residues  were 
of  difl'erent  single  phases  for 
CdiNO-j),,  ;  SC(Ml2)2=  1:1  and  1:2, 
whereas  they  were  of  multiphascs  for 
CdiNO.j)^  :  SC(NH2)2  =  1-1  and  1:4. 

Figure  1  shows  the  IR  spectra  of 
SC(Nll./)o  (a)  and  the  crystalline  resi¬ 
due  after  the  evaporation  of  methanol 
for  CdlNO^).^  :  SC(Nll2)2  =  1:2  (b). 
Taking  notice  of  the  absorption  peaks 
associated  with  S=C  bonding  in  thiou- 

.1  1  O 

rea  (740  and  635  cm  ),  these  peaks 
are  shifted  toward  lower  wavenumbers 
(710  and  620  cm"^)  in  the  residue. 
These  peak  shifts  indicate  the  coordi¬ 
nation  of  a  sulfur  atom  in  thiourea  to 
a  Cd^"  ion  and  thereby  the  formation  of 
t h ('  c 0 III [)  1  X e s  of  C d  (  N 0 2  )  2  i  t h 

SC(N11<;)2:  the  presence  of  NOg"  ions  is 
shown  by  the  absorption  peak  at  825  cm" 
The  formation  of  the  complexes  was 
also  confirmi'd  for  Cd(,V02)2  :  SC(.N'H2)2 
=  1:1. 

The  thermal  analysis  in  air  on  the 
thiourea  complex  of  Cd(N02)2  is  shown 
in  Fig.  2:  Cd(N02)2  :  SC(Nll2)2  =  1:2. 
Remarkable  weight  loss  in  a  tempera¬ 
ture  range  from  160  to  250  °C,  accompa¬ 
nied  with  two  exothermic  peaks,  is 
ascribable  to  the  decomposition  of  the 
complex  and  the  simultaneous  combustion 
of  the  volatile  products.  The  x-ray 
measuri'ment  showed  that  the  decomposi¬ 
tion  product  at  300  °C  was  hexagonal 
CdS,  though  the  weight  loss  at  this 
tempearture  (53%)  is  rather  smaller 
than  that  expected  from  the  conversion 
of  Cd|SC(Ml2)2l (N02)2  to  CdS  (63%).  The 
gradual  wi'ight  loss  observed  over  300 °C 
probably  arises  from  the  decomposition 
of  1  h('  ri'iiiaining  complexes  and/or  the 
oxidation  of  resultant  CdS;  the  x-ray 
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Fig.l.  IR  spectra  of  SC(NH2)2  la) 
and  th('  crystalline  residue  obtained 
from  a  methanol  solution  of  Cd(N02)2 
and  SC  (Ml.,)  2  in  the  molar  ratio  of 
1:2  (b). 
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lig.R.  DTA/TG  curves  in  air  for  the 
complex  of  Cd(N02)2  with  SC(NH2)2. 
in  the  molar  ratio  of  1  :  2. 
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diffraction  nieasureinent  on  the  samples  heat-treated  up  500  °C  showed  tin'  presence  of 
CdO  in  CdS .  The  above  results  show  that  t  lie  coiiiplexc's  arc  formed  betwi'en  Cd(N(),^)2 
and  SC(Nllo)o  in  alcohol  solutions  and  are  thermally  decomposed  to  CdS  at  around  250° 
C  in  air.  In  the  further  study,  the  molar  ratio  of  Cd(N02)2  in  SC(Ml,j)2  is  kept  to 
be  1:2,  taking  consideration  of  the  evaporation  of  sulfur  during  the  heat-treatment . 


3.2  Heat-treatment  of  the  gels 


Figure  3  shows  an  example  of  the  DTA/TG  curves  in  air  for  the  dried  gels,  Cd/Si 
being  0.01.  There  is  a  gradual  decrease  in  weight  up  to  200°C,  due  to  the  evapora¬ 
tion  of  the  remaining  solvent  and  water.  A  small  but  abrupt  decrease  in  TG  at 
around  330 °C,  accompanied  with  an  exothermic  peak,  results  from  the  combustion  of 
the  residual  organics  in  the  gel.  This  finding  means  that  the  heat-treatment  in 
this  temperature  range  is  very  important  to  eliminate  the  residual  organics,  though 
the  complexes  of  Cd(N02)2  with  SC(NH2)2  is  expected  to  decompose  to  cJ-  'elow  250°C 
in  the  gels  as  well.  The  gels  were  hence  heat-treated  at  350 °C  for  lo  h  in  air 
for  the  elimination  of  the  residual  organics  and  the  densif ication . 


The  above  heat-treatment  gave  the  transparent  yellow  glasses  up  to  Cd/Si  =  0.05, 
whereas  there  was  a  tendency  for  the  glasses  to  become  opaque  over  Cd/Si  =  0.05: 
when  the  heat-treatment  was  insufficient,  the  glasses  became  dark  brown.  The  opti¬ 
cal  absorption  spectra  of  the  glasses  obtained  are  shown  in  Fig. 4  for  different 
Cd/Si  ratios  (0.001,  0.01,  0.03,  and  0.05),  along  with  the  spectrum  of  the  non-doped 
Si02  glass  prepared  under  the  same  conditions.  The  fundamental  absorption  edge  of 
the  doped  glasses  is  shifted  to  longer  wavelengths  with  respect  to  that  of  the  non- 
doped  Si02  glass,  as  the  Cd/Si  ratio  is  increased;  the  absorption  edge  of  the  glass 
of  Cd/Si  =  0.05  almost  corresponds  to  that  of  bulk  CdS  crystal.  This  finding  im¬ 
plies  that  CdS  microcrystallites  precipitate  in  the  glasses,  and  their  size  and/or 


Temperature  /  °C 

Fid.:!.  i)T\/TG  curves  of  dried  gel  of 
Cd/Si  =  0.01  in  air;  the  heating 
rate  was  10°C/min. 


Wavelength  /  nm 

Fig. 4.  Optical  absorption  spectra  of 
1  he  (TlS-doped  glasses,  along  with 
the  spectrum  of  the  non-doped  Si02 
glass;  ,X  =  Cd/Si. 
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number  increase  with  increasing  Cd/Si 
rat io . 

The  crystalline  phase  of  the  CdS 
raicrocrystal 1  i  tes  precipitated  in  the 
glasses  was  studied  from  the  x-ray 
diffraction  measurement.  For  the 
glasses  of  Cd/Si  below  0.05,  however, 
the  s  ittering  intensity  was  too  weak 
to  i^Miitify  the  crystalline  phase  of 
the  precipitated  CdS.  Figure  5  shows 
the  x-ray  diffraction  patterns  of  the 
doped  Si02  glass  of  Cd/Si  =  0.07  (a), 
of  the  non-doped  Si02  glass  (b),  and 
the  subtraction  of  (b)  from  (a),  (c); 
these  data  were  obtained  in  a  step 
scanning  mode  at  an  interval  of  0.05 
deg  with  counting  time  of  100  sec  at 
each  point.  The  main  peaks  observed  in 
the  pattern  (c)  can  be  indexed  as 
hexagonal  CdS. 


3.3  Properties  of  CdS-doped  Si02  glass¬ 
es 

The  doped  glasses  were  furhter  heat- 
treated  at  400°C  for  various  periods 
in  various  atmospheres  (air,  N2,  Ar, 
vacuum,  or  10%  H2S/90%  Ar  stream)  to 
control  the  size  of  the  precipitated 
CdS  microcrystallites.  In  the  former 
four  atmospheres,  however,  it  was 
difficult  to  prevent  sulfur  from  evapo¬ 
rating  out  of  the  glasses;  the  evapora¬ 
tion  of  sulfur  was  suggested  from  the 
bleaching  of  the  yellow  color  of  the 
glasses  on  heat-treatment .  The  glasses 
were  hence  heat-treated  in  a  10% 
H2S/90%  Ar  stream. 

Figure  G  shows  an  example  of  the  change 
in  0 p t  i  (' a  1  absorption  spectra  with 
additional  heat-treatment  at  400  °C  for 
th('  glass  of  Cd/Si  =0.03,  along  with  the 
sprclniw  of  the  non-doped  Si02  glass. 
Thf!  sped  rum  of  the  glass  treated  for  0 
h  corresponds  to  that  of  the  glass  of 


29  /  deg  (CuKa) 

Fig. 5.  X-ray  diffraction  patterns 
for  the  CdS-doped  Si02  glass  of 
Cd/Si  =  0.07  (a),  the  non-doped  Si02 
glass  (b),  and  the  subtraction  of 
(b)  from  (a),  (c). 


Wavelength  /  nm 

Fig.G.  Change  in  optical  absorption 
spc'ctra  with  additional  heat -treat - 
mcnl  at  400  °C  in  a  10%  Il2S/90%  Ar 
s  t  r  ('  a  III  for  the  glass  of  Cd/Si  = 
0 . 0.3 . 
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Cd/Si  =  0.03  in  Fig. 4.  The  fundamental  absorption  edge  is  shifted  to  longer  wave¬ 
lengths  with  increasing  treatment  time.  On  the  other  hand,  the  glasses  prepared 
from  gels  containing  Cd(N02)2  but  no  SC(NH2)2  heat-treated  under  the  same 
conditions  and  the  shift  of  the  absorption  edge  was  compared  with  that  of  tiu'  giass- 
es  in  Fig. 6,  to  check  the  influence  of  the  su  1  f  ur  i  zat  i  on  of  residual  ('dO  in  the 
glasses.  As  a  result  the  shift  of  the  absorption  edge  was  found  to  tie  smalh'r  in 
the  former  glasses  than  that  in  the  latter.  The  shift  of  the  absorption  (?dg('  ob¬ 
served  in  Fig. 6  is  hence  considered  to  result  from  the  growth  of  the  CdS  microcrys¬ 
tallites  rather  than  the  sulfurization. 


Figure  7  shows  the  photoluminescence  spectra  for  the  doped  S1O2  glasses  of  Cd/Si  = 
0.03,  tiie  absorption  spectra  of  which  were  shown  in  Fig. 6.  The  spectra  were  meas¬ 
ured  with  the  excitaion  of  280  nm  at  77  K.  The  spectra  are  maximized  at  432  and  474 
nm  for  the  samples  without  (0  h)  and  with  additional  heat-treatment  (1  h),  respec¬ 
tively.  The  shift  of  peak  energies  of  the  luminescence  almost  agrees  with  that  of 
band  gap  of  the  glasses  in  Fig. 6,  taking  consideration  of  the  temperature  depend¬ 
ence  of  the  band  gap  in  CdS  crystal  {1.7  X  lO"'^  eV/K).  The  result  of  the  photolumi- 
nesccnce  measurement  therefore  indicates  that  the  blue  shift  of  the  absorption  edge 
observed  in  Fig. 5  is  due  to  the  quantum  size  effects. 


Figure  8  shows  the  TFM  photograph  of  the 
Cd/Si  =  0.03,  additionally  heat-treated 
characteristic  of  glass,  contrasted  spots 


300  350  400  450  500  550  600  650 
Wavelength  /  nm 


Fig. 7.  Photo  I  urn i nescence  spectra  at 
77  K  of  the  CdS  microcrystallite- 
dop('d  SiO.)  glasses  of  Cd/Si  =  0.03, 
with  and  wiThout  additional  heat- 
trf'atment  at  400  °C  for  1  h  in  a  10% 
II.^S/OO"..  \r  stream. 


:  CdS  microcrystallite-doped  Si02  glass  of 
at  400°C  for  1  h.  In  the  speckled  texture 
of  the  precipitated  CdS  microcrystallites 


Fig. 8.  TFM  photograph  of  the  CdS- 
dop('d  Si()2  glass  of  Cd/Si  =  0.03, 
addionally  hoat-trc'ated  at  400°C  for 
1  h  in  a  10”o  1198/90%  Ar  stream. 
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are  distributed.  The  size  of  the  spots  is  about  G  nm  in  average.  For  tlu'  doped 
glasses  of  Cd/Si  =  0.03  without  the  additional  heat-treatment ,  the  size?  of  tlu'  ('dS 
mi eroerysta 1 1  i tes  was  about  3  nm.  These  TEM  observations  directly  support  that 
the  shift  of  absorption  edge  observed  in  Fig.G  is  due  to  the  change;  in  size;  of 
prec  i  p i  tat  e'd  CdS  mi crocrystal  1  i  tes . 


4.  Con  I  us  ion 

A  sol -gel  process  to  dope  CdS  microcrystallites  into  Si02  glasses  have  been  pro¬ 
posed.  A  salient  feature  of  the  present  process  is  the  confinement  of  the  complexes 
of  cadmium  salts  with  thiourea  into  Si02  gels.  It  has  been  shown  that  the  confined 
complex('s  are  decomposed  to  CdS  microcrystallites  in  the  gels  on  heat-treatment  in 
air.  The  size  of  the  microcrystallites  is  contollable  by  the  additional  heat- 
treatm(;nt  at  around  400 °C.  The  optical  absorption  edge  and  the  photoluminescence 
peak  of  the  CdS-doped  glasses  are  shifted  to  shorter  wavelengths  relative  to  that  of 
CdS  crystal,  indicating  that  the  quantum  size  effects  occur.  The  present  process  is 
also  applicable  to  the  doping  of  selenlde  semiconductors  when  selenourea  is  used 
in  place  of  thiourea  and  now  under  study. 
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ABSTRACT 

A  gradient-index  glass  rod  of  about  13  mm  in  diameter  and  20  mm  in  length  with  the 
refractive  index  difference  of  about  0.05  between  center  and  perimeter  has  been 
prepared  by  the  sol-gel  process  from  a  precursor  solution  consisted  of 
tetramethoxysilane,  tetraethoxysilane,  boron  ethoxide  and  aqueous  solution  of  lead 
acetate.  A  bubble  free  wet  gel  of  about  35  mm  in  diameter  and  50  mm  in  length  was 
obtained  by  adding  ac'etic  acid  to  the  prec-ursor  solution  as  a  buffering  agent.  The 
liquid  in  the  micropores  of  the  wet  gel  was  totally  replaced  with  acetone.  Then  the 
compositional  gradient  of  lead  was  formed  in  radial  direction  of  the  gel  by  soaking 
in  an  ethanolic'  solution  of  potassium  acetate.  A  transparent  r-GRIN  rod  of  about 
13  mm  in  diameter  was  obtained  by  sintering  the  gel  at  550 °C. 

1. INTRODUCTION 

Gradient  index  (GRIN)  glass  rods,  particularly  those  having  a  continuous  variation 
in  refractive  index  in  radial  direction  (r-GRIN  rods),  have  been  applied  in  a  wide 
variety  of  optical  and  optoelectronic  devices  such  as  compact  photocopiers, 
communication  relay  systems,  medical  imaging  systems,  and  so  on^’^.  Most  of  the  r- 
GRIN  rods  used  in  these  fields  are  currently  manufactured  by  ion-exchange  method,  in 
which  Tl*  or  Cs*  ions  contained  in  a  glass  rod  as  index-modifying  ions  are  exchanged 
with  K*  ions  by  immersing  the  glass  rods  in  a  K*-containing  fused  salt  bath"*'®.  This 
method  is  good  for  the  precise  c-ontrol  of  the  profile  of  refractive  index  with  large 
delta-n,  i.e.,  with  a  large  difference  of  refractive  index  between  center  and 
peimeter  of  the  rod. 

However,  there  are  some  devices  in  which  the  employment  of  r-GRIN  rods  by  ion- 
exchange  tec;hnique  is  not  suitable  or  very  diffi('ult.  For  example,  in  a  device  whic  h 
is  used  at  a  high  temperature,  the  migration  of  alkali  ions,  therefore*  the 
distortion  of  refractive  index-profile  during  its  use,  is  inevitable  in  a  GRIN  lens 
based  on  the  ion-exchange.  Thus  the  dc’velopment  of  i — GRIN  lens  of  alkali  free  system 
is  practically  important  to  meet  this  requirement.  The  other  exampk*s  are  those 
which  usf’  lenses  of  large  size  such  as  cameras,  binoc  ulars,  et.  c'c*tra^.  Because  the 
maximum  diameter  cjf  the  r-GRIN  rod  produc'ed  by  ion-exchange  t.echnicquc*  has  been  only 
a  few  mm  or  even  less  due  to  the  small  diffusion  coefficic*nt  of  TU  or  C's*  in  glass. 
The  r-GRIN  lens  of  large  size  provides  many  advantage's  over  homogenc'ous  glass  in  the 
design  of  optical  systems  for  cameras,  binoculars  c'tc.  Thc'se  advantages  include 
greater  simplicity  by  the  reduction  of  total  numbc'r  of  optical  c’lements  and  impirovc'd 
performanc:e lo  >k 


The  sol-gel  proc-c'ss,  which  begins  with  the*  formation  of  precursor  scols  by 
introducing  the  index-modifying  cations  in  the*  fcirm  of  either  alkoxidc*  or  aquc'ous 
mc'tal  salt  solutiejn,  is  advantageous  c:)vc'r  others  in  the  production  of  r-GRlN  rods 
used  in  the  fields  whc're  the?  material  by  ion-exchange'  t('chni<iu('  is  not 
appropriate i- 


Thp  r-GRIN  rod  of  alkali  freo  systom  is  maniifac-t,u rod  by  fh('  partial  loaching  of  Ti 
ions  and  subsoquonl  drying  and  sinloring  of  tfio  gol  of  ri02-Si02  or  'ri()2-Si02-Al203 
system  prepared  from  metal  alkoxide  prec-ursors 'Ai6,!7_  method  which  was 

developed  on  the  binary  .system  by  Shingyouehi  et.  al  and  later  extendf'd  to  the 

ternary  systems  by  Caldwell  et.  aP'^  is  relatively  simple  and  for  ttu-  precise 

control  of  refractive  index  profile,  although  the  delta-n  of  the  material  is  iict 
very  large. 

The  r-GRIN  rod  having  large  diameter  can  be  prepared  by  the  sol-gel  method  using 
aqueous  metal  salt  solution The  method  in  which  the  formation  of  compositional 
gradient  of  index  modifying  ions  is  made  quickly  by  the  interdiffusion  of  ions  in 
the  liquid  phase  filling  the  mic:ropores  of  a  gel,  is  advantageous  to  get  a  materials 
of  large  diameter  in  a  short  time.  The  advantages  of  this  process  also  include  the 
followings:  (1)  a  large  amount  of  index  modifying  Ccitions  such  as  lead  can  be 

incorporated  into  the  gel,  thus  making  large'  irulc'x  changes  possible  ,  (2)  almost  any 
two  ions  can  be  interdifuused  regardless  of  valence  ,  thus  making  the  wide  variety 
(jf  optical  constants  pcjssible.  Therc'forc',  the  production  of  the  material  having  the 
diameter  larger  than  10  mm  with  dc'lta-n  of  0.05  or  more,  whicTi  is  hadrly  attainable 
by  othf'r  processes  such  as  ion-c‘Xchange,  molecular  stuffing  and  so  orP^T^  ^an  be 
expected  to  thc'  sol-gel  procc'ss,  although  the  tec-hnique  has  not  yet  been 

established. 

This  papc'r  reports  the  study  on  the  elimination  of  the  underlying  problems  in  the 
production  of  such  r-GRlN  rods^o  having  large  diameter  and  large  delta-n  by  the 
sol-gel  process  using  aqueous  metal  salt  solution.  The  main  techniques  introduced  in 
the  study  were;  (1)  the  introduction  of  ac-etic-  acid  in  the  precursor  sol  as  a 
buffering  agent  to  c'ontrol  gelling  time'  for  the  elimination  of  bubble  inclusion 
during  casting  of  a  sol,  (2)  total  replacement  of  ac-eton  for  water  in  a  gel,  before 

the  formation  of  concentrational  gradient  of  lead,  in  order  to  minimize  the 

distortion  of  the  formed  concentrational  profile  due  to  the  migration  of  lead  ions 
and  to  eliminate  the  deformation  of  the  gel  upori  drying,  (3)  the  employment  of 
ethanolic  soluticjn  of  potassium  acetate  as  a  source  for  potassium  ion  which  was 

necessary  to  modify  the  c  hange  in  glass  propc'rty  caused  by  the  partial  extraction  of 
Ic’ad,  and  (4)  the  tc^tal  replacement  of  ac-eton  for  ethanol  after  the  formation  of 
c'oncent  raticmal  profile'  of  Ic'ad. 


2.h:XFKRIMKNT 


2.1. Gel  preparation 

The’  c'xperimenl  w;is  carried  out  on  the'  prc'cursor  sol  corrc'sponding  to  a  glass  of  the 
CO  m  pc7s  i  t  i  C5  n  2  6  P  bO- 7  H  2  0  3  -  6  7  S  i  O  2  (mol%)  using  te  t  ram  e  t  h  ox  y  s  i  la  n  e  (TMOS), 
tetraethoxysilane  (TKOS),  triethoxy  boron  (B(OHt)3),  and  aqueous  lead  acetate 
.solution  (aq-PbAc)  as  starting  materials. 

A  mixture  of  30  ml  of  TMOS,  30  ml  of  TKOS  and  12.4  ml  of  B(0Et)3  was  hydrolyzed 
with  25  ml  of  aqueous  HCl  solution  of  pH=2.  The  mixture  was  then  added  to  107.6  ml 
of  1.25  mol/1  aq-PbAc  at  the  existence  of  20  ml  of  acetic  acid  and  stirred  for 
2.5  min.  The  eventual  solution,  a  sol,  was  casted  in  a  polypropylene  vial  of  about 

35  mm  inside  diameter  up  to  the  depth  of  about  50  mm  and  held  at  30  C  with  a  cover 

of  aluminum  foil.  This  procedure  of  gel  preparation  is  illustrated  in  Fig.  1. 
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2.2.  Pretreatment  of  a  wet  gel 

A  wet  gel  formed  in  a  poly propyletu>  vial  was  subjected  to  pretreatments  before  the 
formation  of  concentrational  gradient,  in  order  to  enhance  gel  strength  cind  to 
replace  acetone  for  water  in  the  micropores.  The  flow  chart  of  this  process  is  shown 
in  P’ig.  2. 

The  enhancement  of  gel  strength,  which  was  necessary  to  keep  the  gel  monolithic 
throughout  the  process  and  to  avoid  the  deformation  during  drying,  was  made  by  aging 
at  30 “C  for  5  days.  The  gel  was  then  transferred  in  a  50  ml  bath  of  isopropanol- 
water  system  (iso-Pr0H/H20=80/20  in  Vol)  saturated  with  lead  acetate  to  be  soaked  at 
60 °C  for  2  days  for  the  purpose  of  further  aging  and  the  extraction  of  acetic  acid 
without  reducing  lead  content.  Next,  the  gel  was  soaked  successively  in  50  ml  baths 
of  isopropanol-aceton  system  of  the  compositions  iso-PrOH/Aceton=80/20,  50/50,  0/100 
(in  Vol)  at  30°C  for  2  days,  respectively,  in  order  to  totally  replace  aceton  for 
the  liquid  in  the  micropores. 

2.3.  Formation  of  concentrational  gradient  of  lead 

After  the  total  replacement  of  acetone  for  the  liquid  in  the  micropores,  a  wet  gel 
containing  fine  crystals  of  lead  acetate  on  micropore  wall  was  soaked  in  0.61  moI/1 
ethanolic  solution  of  potassium  acetate  at  room  temperature  for  2-48  h.  During  this 
treatment,  the  concentrational  gradient  of  lead  ions  was  formed  in  the  radial 
direction  by  the  gradual  dissolution  of  the  precipitated  fine  lead  acetate  crystals 
and  subsequent  diffusion  of  lead  ions  through  micropores.  The  gel  was  then 
transferred  to  a  bath  of  isopropanol-acetone  system  for  the  complete  removal  of  the 
intermingled  ethanol  during  the  treatment  and  the  reprecipitation  of  the  dissolved 
lead  acetate  crystals.  The  flow  chart  of  this  step  is  shown  in  Fig. 3. 

2.4.  Drying  and  sintering 

The  gel  thus  treated  was  placed  on  a  teflon  sheet  in  a  glass  container  and  covered 
with  an  aluminum  foil.  The  drying  of  the  gel  was  made  by  slowly  evaporating  acetone 
through  a  pin-hole  formed  on  the  aluminum  foil.  At  the  end  of  drying,  the  gel  was 
about  20  mm  in  diameter  and  30  mm  in  length  and  free  from  crack. 

The  dried  gel  was  placed  in  a  fused  quartz  reaction  tube  which  was,  in  turn,  placed 
holizontally  in  an  electric  furnace,  and  subjected  to  the  heat  treatment  for 
densification.  The  heat  treatment  consisted  of  a  5°C/h  ramp  in  temperature  from  room 
temperature  up  to  550°C  with  24  h  isothermal  treatments  at  200°C,  360'C,  460°C, 

510°C,  and  a  48  h  isothermal  treatment  at  550°C.  Oxygen  gas  was  fed  into  the 
reaction  tube  at  a  rate  of  about  60  ml/min  up  to  a  temperature  slightly  above 
460”C,  at  which  point  helium  was  substituted  for  oxygen  for  the  remainder  of  the 
heating  cycle.  At  the  and  of  the  550 °C  treatment,  the  temperature  was  reduced  to 
room  temperature  at  a  rate  of  60”C/h. 

2. 5.  Measurement  of  refractive  index  profile  of  glass 

The  profile  of  refractive  index  of  gel-derived  glass  was  determined  on  a  disc  sample 
of  about  1mm  thickness  which  was  cut  out  of  the  central  f)art  of  the  cylindrical 
glass,  by  both  interferometry  using  He-Ne  leaser  beam  of  wavelength  632.8  nm,  and 
the  measurement  of  the  reflectivity  of  d-line  (583  nm)  at  various  points  of  the 
surfac'e  of  the  disc  sample. 


f  36  SPI6  Vnl  1 328  Sol  GpI  Optics  1 1 990> 


WET  GEL 
Aceton-PrOH 


formation  of 
composional  gradient 
K(OAc)/EtOH  0.61M/1 
2-16H.R.T. 


fixing-1 

PrOH/Aceton  =  8/2 


sot -2d 

1 

fixing -2 

A 

PrOH/Aceton=  5/5 

30*C  -2d 

J 

1 

r. 

fixing-3 

A 

P  r  0  H/Aceton  =0/10 

30C-2d 

J 

(  drying  ) 


DRY  GEL 

20nnm^x  30nimh 


sintering 

580"C-12h 


GRIN  ROD 
13mm^x  20mmh 


Fig. 2.  Flow  chart  of  treatment  for  the  complete  replacement  of  acetone  for  water. 
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Fig. 3.  Flow  chart,  for  the  formation  of  compositional  gradient  of  lead, 
and  dry  and  sintering  of  a  gel. 
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3,RESULTS  AND  DISCUSSION 


3.1. Profiles  of  refractive  index 

Glasses  obtained  by  immersing  gels  in  ethanolic  solution  of  potassium  acetate  for 
various  length  of  time  and  subsequent  replacement  of  acetone  for  ethanol,  and  drying 
and  sintering  according  to  the  prescribed  heating  cycle  were  about  13  mm  in  diameter 
and  20  mm  in  length.  They  were  clear,  transparent  and  free  from  bubbles. 

The  interferogram  of  the  sample  obtained  by  sintering  the  gel  after  the  soaking  for 
4  h  to  form  the  compositional  gradinet  is  shown  in  Fig. 4.  The  smooth  fringe  pattern 
in  the  figure  shows  that  the  glass  has  continuous  variation  in  refractive  index  from 
center  toward  perimeter  and  free  from  bubbles  or  other  defects  which  cause  the  local 
distortion  of  the  refractive  index  profile. 


6.5mm 

Fig. 4.  Interferogram  of  a  GRIN  rod  obtained  by  the  soaking  for  4  h. 
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The  contour  lines  of  reTractive  indices  determined  by  reflectivity  measurements  on 
the  same  sample  are  shown  in  Fig.  5  at  the  contour  interval  of  0.005.  The  lines 
which  consisted  of  data  points  plotted  at  the  interval  of  0.25  mm  are  close  to 
circles  except  for  those  in  the  mid  center  and  near  perimeter.  The  local  distortions 
observed  on  some  contour  lines  are  attributed  to  dusts.  The  maximum  value  of  the 
lefractive  index  was  about  1.65  at  the  center,  and  the  minimum  was  about  1.60  at  the 
perimeter.  The  maximum  value  of  1.65  is  lower  by  0.03  than  the  estimated  value  of 
1.68  for  the  lead  borosilicate  glass  aimed  in  the  preparation  of  precursour  sol 
i.e.,  26Pb0-7B;^)3-67Si02  (mol%).  This  difference  is  due  to  the  loss  of  lead  ions 

during  both  aging  and  the  replacements  of  aceton  for  the  liquid  in  the  micropores  of 
the  gel  before  and  after  the  formation  of  compositional  gradient  of  lead^'. 


-6-5  -A  -3  -2  -1  0  1  2  3  4  5  6 
RADIUS  (mm) 


Fig. 5.  Refractive  index  contour  lines  of  r-(iRlN  rod  obtained 
t)y  sintering  the  gel  after  soaking  for  4  h. 
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The  refrac'Live  index  profile'  in  the  radial  direelion  dc't.ermiiU'd  from  the  eont.our 
lines  is  shown  in  Fig.  6  for  Llu'  glass  rods  obLaiiu'd  aftc'r  vfirious  soaking  times  in 
the  ethanolie  solution  of  potassium  acetate.  The  curves  whose  maxima  dec  reased  with 
the  inerc'asing  scxiking  time'  art'  tu'arly  parabolic  in  thc'  rc'gion  up  to  3  mm  from  the 
center,  but  deviated  thc'rc'aftc'r  as  they  approacht'd  to  the'  pc'rimc'tc'r.  This  deviation 
from  parabolic  curve,  which  is  obviously  utedt'sirabk'  and  must  be  removed,  is  due  to 
the  incomplete  elimination  of  the'  migration  of  lead  ions.  That  is,  lead  ions  w'hich 
migrated  from  center  during  the  stepwise'  replacement  of  aceton  for  ethanol  in  the 
process  show'n  in  Fig.  3,  piled-up  as  lead  ac^etate  crystals  in  the  vicinity  of 
perimeter. 


Fig.fj.  C  hange'  in  re'freuTive'  index  profile  of  gt'l-dc'ri ved  r-C}RlN  rods 
with  soaking  time'. 
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Since  it  is  very  difficult  to  compl  'tely  eliminate  the  migration  of  l(>ad  ions  during 
replacement  of  aceton  for  ethanol  in  the  gel  of  large'  diameter,  it  is  better  to  add 
one  more  step  of  treatment  to  remove  the  piled  lead  ac:etate  than  to  elaborate  the 

condition  for  further  improvement  of  the  reduction  of  lead  migration.  One  of  the 

effective  -ways  to  be  added  for  the  removal  of  the  piled  lead  acetate  c;rystals  will 
be  to  dissolve  them  out  by  immersing  the  gel  once  again  in  ethanolic  solution  of 
potassium  acetate  for  short  period  of  time,  say  15  min,  after  the  total  replaceriu'nt 
of  aceton  for  ethanol  according  to  the  flow  chart  shown  in  Fig.  .1.  This  treatment 
may  results  in  another  interminglement  of  small  amount  of  ethanol  into  aceton  in  the 
vicinity  of  gel  surface.  But  the  extraction  of  small  amount  of  ethanol  with  aceton 
to  a  level  at  which  the  migration  of  lead  ions  does  not  take  place  will  be  made 

without  difficulty  before  it  penetrates  deeply  into  the  micropores.  If  this  rc'moval 

of  the  piled  lead  acetate  can  be  made  without  changing  the  concentrational  gradient 
of  lead  in  the  central  part  of  the  gel,  the  value  of  refractive  index  at  the 

perimeter  of  the  rod  will  decrease  from  1.60  to  about  1.55.  Then  the  value  of 

delta-n  in  the  eventual  glass  w'ill  increase  up  to  about  0.1  as  it  is  known  from  the 
curves  shown  in  Fig.  6  with  a  broken  line. 

3. 2. Comparison  with  r-GRlN  rod  by  other  precesses. 

The  diameter  and  delta-n  of  r-GRIN  rod  obtained  in  this  study  is  compared  with  those 

of  other  methods  in  Fig.  7.  The  values  of  delta-n  for  the  materials  by  respective 

methods  shwn  in  the  figure  represent  the  practical  maxima,  whereas  the  value  for  the 
present  study,  which  is  already  higher  than  most  of  the  others,  can  be  increased 
further  as  it  was  mentioned  in  the  above.  Thus,  the  advantage  of  the  sol-gel  process 
in  the  preparation  of  r-GRIN  rods  with  large  diameter  and  large  delta-n  is  obvious. 


Fig.  7.  Fompar  i  soil  of  the  diameter  and  della-n  of  r-bRlN  rods  by  various  m('ttiods. 
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The  next  step  of  the  study  for  the  establishment  of  the  process  is,  therefore,  the 
investigation  of  tne  optimum  conditions  on  the  removal  of  the  piled  lead  acetate 
crystals  without  changing  the  compositional  gradient  in  the  central  part  of  the  gel 
so  that  the  parabolic  profile  of  refractive  index  is  obtained  throughout  the  radial 
direction.  Once  this  process  is  established  on  the  Pb0-B203-Si02  system,  it  will  not 
be  so  difficult  to  apply  the  tec-mique  to  a  new  system  of  interest  such  as  those 
containing  Ba,  La,  Nb,  etc.  as  index-modifying  cations. 
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ABSTRACT 

Gradient  index  optics  will  play  an  increasingly  important  role  in  applications  such  as  fax  machines, 
photocopiers,  fiber  optic  couplers  and  cameras.  In  this  paper,  we  present  an  overview  of  various 
sol-gel  methods  for  making  gradient  index  materials. 


1.  INTRODUCTION 


Gradient  index  (GRIN)  optics  has  become  a  prominent  part  of  modern  optics.  GRIN  materials  are 
characterized  by  a  refractive  index  distribution  which  varies  spatially  in  a  controlled  manner.  For 
example,  cylindrical  glass  rods  with  plane-parallel  faces  can  be  made  with  a  refractive  index  higher 
along  the  central  axis  than  at  the  outer  edges.  Such  a  rod  will  act  as  a  positive,  converging  lens.The  use 
of  gradient  index  glass  in  optical  systems  provides  many  advantages  over  homogeneous  glass.  These 
advantages  include  greater  simplicity  by  reduction  of  the  total  number  of  optical  elements  in  a  system 
and  improved  performance.  In  general,  GRIN  designs  require  fewer  elements  than  their  homogeneous 
counterparts.  Thus,  definite  benefits  exist  with  respect  to  size,  weight,  and  economics  when  using  GRIN 
materials  in  fiber  and  integrated  (miniaturized  systems)  optical  applications.  Furthermore,  some 
systems  can  be  designed  using  GRIN  lenses  which  would  be  virtually  impossible  to  configure  using 
homogeneous  lenses. 

Interest  in  the  use  of  gradient  index  optics  for  imaging  systems  has  existed  since  1887,  when  Exner 
discovered  that  insect  eyes  are  composed  of  tiny  radial  gradient  index  rods'! .  An  early  radial  gradient 
index  lens  was  made  by  Robert  W.  Wood  in  1905  2.  a  "Wood"  lens  can  be  made  from  a  mixture  of 
glycerin  and  gelatin,  which  is  allowed  to  gel  in  a  cylindrical  mold  pressed  between  two  parallel  plates. 
The  cylindrical  gel  is  then  soaked  in  water,  which  diffuses  into  the  gelatin,  replacing  some  of  the 
glycerol  and  lowering  the  index.  The  resulting  GRIN  gelatin  lens  can  form  an  image  just  as  a 
conventional  lens  does.  Radial  gradient  index  glass  was  first  made  by  Otto  Schott^,  who  used 
differential  cooling  techniques  in  which  molten  glass  was  placed  in  a  metal  cylinder  and  cooled  very 
rapidly.  Unfortunately,  the  resultant  glass  was  birefringent. 

Since  1969,  most  of  the  research  in  GRIN  optics  has  been  carried  out  by  a  small  but  dedicated  group  of 
optical  scientists.  Steady  progress  has  been  made  in  gradient  index  optical  theory,  design,  testing,  and 
application  ^'7.  However,  material  fabrication  currently  represents  the  major  limiting  factor  in  the 
full  development  of  GRIN  optics.  Existing  fabrication  methods®  include  neutron  irradiation,  chemical 
vapor  deposition,  polymerization,  and  ion  stuffing,  but  to  date,  the  most  successful  has  been  ion 
exchange. 

Using  ion  exchange  methods,  Nippon  Sheet  Glass  (NSG)  Corporation  started  commercial  production®  of 
radial  GRIN  lenses  in  the  late  1960's  .  Produced  under  the  trade  name  SELFOC  Micro-Lens,  these 
lenses  range  in  size  from  1.0  to  3.0  mm  in  diameter,  with  the  index  gradient  produced  by  the  exchange 
of  TI+  or  Cs+  ions  for  K'*'  or  Na'*"  ions  in  a  silicate  glass.  Today,  SELFOC  lenses  are  used  widely  in 
photocopier^®  and  facsimile  lens  arrays^  medical  endoscopes^ video  or  compact  disk  systems^®" 
and  a  wide  variety  of  devices  for  splitting,  and  coupling  light  in  optical  fiber  telecommunication 
applications^  ^'2®.  Limitations  of  currently  available  SELFOC  materials  produced  by  ion  exchange 
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techniques  include  small  size,  poor  environmental  and  thermal  stability,  and  a  limited  variety  of 
optical  characteristics  such  as  index  profile  dispersion  and  base  index  of  refraction. 

Numerous  lens  design  studies^l -24  have  revealed  that  useful  applications  exist  for  GRIN  lenses  in 
cameras,  telescopes,  and  microscopes,  as  well  as  waveguides.  Unfortunately,  the  economical 
fabrication  of  large  diameter  GRIN  elements  remains  a  major  roadblock  in  the  development  of  these 
applications. 

In  recent  years,  significant  progress  has  been  made  in  using  sol-gel  methods  to  prepare  large  diameter 
(>5  mm)  optical  quality  GRIN  lenses  of  various  compositions.  In  this  paper,  we  compare  the  existing 
sol-gel  methods  for  making  radial  GRIN  materials,  and  present  some  physical  and  optical  properties  of 
the  resulting  GRIN  glasses. 


2.  MATERfAL  CONSIDERATIONS 

GRIN  optics  is  a  technology  which  has  been  awaiting  the  development  of  new  materials.  Whether  or  not 
sol-gel  methods  will  be  applied  for  the  commercial  fabrication  of  GRIN  elements  is  still  to  be 
determined.  Success  will  undoubtedly  depend  on  the  creativity  and  efforts  of  researchers  in  diverse 
disciplines.  A  close  interaction  between  material  and  optical  scientists  would  certainly  favor  the 
attainment  of  that  "happy  medium"  between  optical  materials  specified  by  lens  designers  and  those 
attainable  by  sol-gel  methods.  In  any  case,  a  researcher  planning  to  fabricate  gel-derived  GRIN 
materials  would  do  well  to  build  a  personal  knowledge  base  which  encompasses  the  optics  and  properties 
of  existing  homogeneous  and  gradient  index  glasses,  existing  GRIN  fabrication  methods,  and  of  course, 
sol-gel  technology. 

Consideration  of  a  GRIN  lens  application  can  help  to  identify  a  target  glass  composition;  and  candidate 
compositions  can  be  selected  by  consulting  various  references  on  homogeneous  glass^^-^®  and  by 
calculation  using  models  which  correlate  the  optical  and  physical  properties  of  glasses^^-SS.  For 
example,  GRIN  lenses  with  relatively  large  diameters  (>10  mm),  a  large  variation  of  refractive  index 
(delta-n  =  An  >0.05)  and  low  dispersion  (V10>50)  would  find  wide  ranging  applications  in  camera 
Ienses2'l  .22_  microscope  objectives'^,  and  eyepieces24.  in  order  to  meet  these  specifications,  a 
gradient  index  material  would  have  to  exhibit  a  large  An  and  a  small  variation  of  dispersion  (measured 
as  np  -  nc)  as  a  function  of  radial  position.  Such  lenses  could  be  achieved  if  the  central  portion  of  the 
GRIN  rod  consisted  of  a  high-index  low-dispersion  glass,  such  as  a  barium  or  lanthanum  silicate,  and 
the  outer  portions  of  the  rod  consisted  of  a  low-index  glass  such  as  an  alkali  silicate  with  a  dispersion 
similar  in  value  to  that  in  the  center  of  the  rod.  For  certain  applications,  low  GRIN  dispersion  is  not 
required,  and  a  lead  or  titanium  silicate  composition  in  the  central  portion  of  the  GRIN  rod  would  be 
suitable.  Regardless  of  the  An  and  GRIN  dispersion  requirements,  it  is  necessary  to  maintain  a 
relatively  constant  value  of  thermal  expansion  within  the  rod  in  order  to  avoid  cracking  or  excessive 
stress  birefringence. 

The  imaging  characteristics  of  a  radial  GRIN  lens  are  basically  dependent  upon  the  following  optical 
properties®’®’^^ : 

1)  Size  of  An  (index-of-refraction  change)  -  The  greater  the  radial  composition 
gradient,  the  greater  An. 

2)  Profile  shape  and  symmetry  -  Gaussian,  Lorentzian,  parabolic  and  linear  profiles 
have  been  obtained  with  ion  exchange  methods.  SELFOC  lenses  exhibit  symmetrical 
parabolic  index  profiles^®. 
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3)  Depth  of  the  gradient  -  determines  the  size  of  the  GRIN  element. 

4)  Chromatic  variation  of  the  index  profile. 


Discussion  of  GRIN  characterization  techniques  has  been  published  previously®-®.  Mach  Zehnder 
interferometric  methods  have  proven  to  be  relatively  straightforward  and  accurate:  and  commercial 
interferometers  are  now  available®'^.  Figure  1  shows  a  typical  interferogram  and  radial  index  profile 
plot  for  a  gel-derived  GRIN  glass  lens. 


Radial  Position  (mm) 


Figure  1a)  Mach  Zehnder  interferogram  of  a  TIO2-SIO2  GRIN  lens,  and  b)  plot  of 
refractive  index  versus  radial  position  data  taken  from  interferogram. 


Whether  or  not  sol-gel  techniques  can  actually  be  used  to  make  a  specified  multicomponent  GRIN  glass 
will,  of  course,  be  determined  by  experimentation.  However,  insight  can  be  gained  from  the  extensive 
literature  available  on  sol-gel  technology®®"'*^  and  by  comparing  the  intrinsic  properties  of  gel- 
derived  glasses  with  those  of  high  temperature  glass  melts'*®.  Presumably,  once  a  sol-gel  method  is 
developed  for  making  a  small  GRIN  lens  of  a  specific  composition,  the  potential  for  making  a  larger 
piece  exists.  In  particular,  sol-gel  processing  techniques  which  have  recently  been  developed  for  the 
preparation  of  large  s-ura  xerogels'*®'®®  and  aerogels®*'®®  hold  promise  for  the  preparation  of 
large  multicomponent  GRIN  glasses. 

3.  EARLIER  GRIN  GLASS  FABRICATION  METHODS 

Various  techniques  have  been  used  in  the  past  for  the  fabrication  of  GRIN  lenses  and  are  discussed 
elsewhere®'®.  However,  for  the  purpose  of  comparison,  the  methods  of  ion  exchange  in  solid  glass, 
stuft'ng/unstuffing  of  porous  glass,  and  phase  separation/leaching  are  presented  here.  These  and  the 
sol-gel  methods  discussed  in  Section  4.0  are  similar  in  that  all  these  techniques  involve  immersion  of  a 
substrate  in  a  liquid  phase  to  induce  diffusion  of  index  modifiers  resulting  in  a  gradient  index  profile  in 
the  substrate. 
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3.1.  Ion  exchange 


Ion  exchange  is  the  only  method  which  has  been  commercially  developed  for  the  production  of  GRIN 
lenses.  This  process  involves  exchanging  ions  from  a  molten  salt  bath  with  those  in  a  dense  glass. 

In  the  fabrication  of  SELFOC  Microlenses,  a  borosilicate  glass  rod  containing  TI+  and  Na"*"  ions,  is 
immersed  in  a  high-temperature  molten  KNO3  salt  bath.  Under  these  conditions,  ion  diffusion  within 
the  glass  occurs  with  partial  substitution  of  the  TI+  and  Na+  in  the  glass  rod  by  K+  from  the  salt  bath. 
As  ion  exchange  proceeds,  a  nearly  parabolic  refractive-index  distribution  corresponding  to  Tl"*"  ion 
concentration  is  formed  in  the  cylindrical  glass  rod.  After  a  specified  time,  the  rod  is  removed  from  the 
bath,  cut  into  lengths,  and  both  ends  are  polished  flat.  Available  SELFOC  rod  lenses^ range  in 
diameter  size  fiom  1-3  mm  with  a  maximum  An  of  0.124. 

Numerous  factors  affect  the  final  refractive  index  distribution  in  GRIN  glass  made  by  the  ion  exchange 
process.  These  include:  base  glass  composition,  ions  to  be  exchanged,  diameter  of  the  rod,  temperature 
of  the  bath  and  the  ion  exchange  time.  For  example,  in  order  to  avoid  deformation  of  the  glass  rod 
during  the  diffusion  process,  it  is  necessary  to  keep  the  temperature  of  the  molten  salt  bath  below  the 
glass  softening  point.  This  restriction  limits  the  choice  of  index  modifying  ions  to  those  which  can  both 
increase  the  optical  index  of  the  glass  and  are  capable  of  diffusion  at  such  temperatures.  For  SELFOC 
glasses,  ions  such  as  Tl,  Cs,  Rb,  K,  Na  or  Li,  which  fulfill  both  these  requirements,  are  used. 
Unfortunately,  complications  arise  from  the  toxicity  of  ions  like  Tl,  and  from  the  fact  that  glasses 
containing  Tl  ions  are  characterized  by  high  dispersion  of  refractive  index. 

Another  limitation  of  the  ion  exchange  method  is  that  processing  times  are  very  long.  In  borosilicate 
glass,  exchange  times  of  10-99  hours  are  needed  for  each  millimeter  of  depth,  which  can  result  in 
profile  control  and  stressing  problems  due  to  prolonged  periods  of  heating  and  cooling^T.  For  these  and 
other  reasons,  ion  exchange  methods  have  not  been  commercially  applied  to  the  production  of  radial 
GRIN  rods  greater  than  3  mm  in  diameter. 

3.2.  Sluffing  and  unstuffing  of  porous  glass. 

The  use  of  porous  glasses  for  the  fabrication  of  gradient  index  glass  was  first  carried  out  by  Macedo^® 
in  1976  .  In  this  technique®®'®^  a  porous  glass  preform  made  by  leaching  a  phase  separated  glass  in 
acid  is  stuffed  with  index  modifying  ions  such  as  Cs"*"  or  TI+  by  precipitation  of  a  salt  solution.  A 
concentration  gradient  of  the  modifier  ions  is  then  created  by  redissolving  the  salt  and  allowing  it  to 
diffuse  out  of  the  preform.  The  diffusion  process  is  halted  by  precipitation  after  the  desired 
composition  profile  is  achieved,  and  the  preform  is  dried  and  sintered. 

In  the  stuffing/unstuffing  method,  dopant  diffusion  times  can  be  of  the  order  of  20  minutes  per 
millimeter®^,  which  is  several  orders  of  magnitude  faster  than  that  for  an  ion  exchange  process  in 
dense  glass.  Unfortunately,  such  short  diffusion  times  make  it  difficult  to  produce  small  diameter  (less 
than  5  mm)  GRIN  rods  m  a  consistent  manner.  Furthermore,  though  this  technique  can  be  used  to 
prepare  lenses  of  10  mm  aperture,  these  lenses  can  often  exhibit  index  gradients  which  are  not 
uniform.  This  is  due  primarily  to  non-uniform  pore  size  distributions  created  in  the  porous  glass 
during  the  phase  separation  and  leaching  process.  When  the  pore  size  distribution  of  the  porous  glass  is 
not  uniform,  the  resulting  index  profile  is  also  not  uniform  due  to  localized  variations  in  the 
concentration  of  index  modifying  ions.  In  addition,  the  porosity  of  porous  glasses  made  by  phase- 
separation  methods  is  generally  less  than  50%,  which  limits  the  amount  of  dopant  which  can  be  stuffed 
into  the  glass,  which  in  turn  limits  the  An  to  a  maximum  of  0.03,  even  when  TU  is  used  as  the  dopant. 


3.3.  Phase  separation  and  leaching. 


This  technique®^  is  similar  to  the  stuffing/unstuffing  method  in  that  the  initial  steps  involve  phase 
separating  a  suitable  glass  by  heat  treatment  and  then  leaching  away  the  soluble  phase  in  an  acid 
solution.  In  this  reference  case,  however,  the  starting  glass  contains  a  significant  amount  of 
germanium  dioxide  which  is  not  completely  removed  during  leaching.  A  concentration  profile  of  Ge02  is 
thus  created  by  the  processes  of  dissolution  and  diffusion.  Other  components  such  as  Na20  and  B2O3  are 
almost  completely  removed  during  leaching.  After  leaching,  the  now  porous  glass  is  washed,  dried  and 
sintered.  GRIN  glass  rods  with  index  changes  of  up  to  0.015  over  a  radius  slightly  larger  than  2  mm 
have  been  made  by  this  technique. 

The  phase  separation  and  leaching  technique  has  several  advantages  over  the  stuffing/unstuffing 
technique.  First,  it  is  simpler  since  the  stuffing  and  unstuffing  steps  are  avoided.  Second,  larger 
concentrations  of  the  index  modifier  can  be  introduced  during  the  melting  of  the  raw  glass.  Third,  the 
final  glass  is  more  refractory  since  single  valence  ions  are  nearly  absent. 

The  primary  disadvantage  of  the  last  two  methods  which  involve  phase  separation  and  leaching 
processes  is  that  the  selection  of  phase  separable  glasses  is  very  limited. 


4.  SOL-GEL  METHODS  USED  FOR  GRIN  GLASS  FABRICATION 

Given  the  limitations  inherent  in  the  GRIN  fabrication  methods  discussed  above,  it  is  not  surprising 
that  an  interest  in  sol-gel  methods  has  developed.  Some  of  the  advantages  of  sol-gel  techt^iques  include: 

(1)  Greater  diffusion  coefficients  -  which  can  result  in  time  savings  as  much  as  two 
orders  of  magnitude  in  comparison  to  ion  exchange  processes. 

(2)  Low  energy  consumption  during  most  of  the  process. 

(3)  The  ability  to  introduce  a  broader  variety  of  index  modifying  dopants  into  the 

sol-gel  preform. 

(4)  Multi-component  compositions  can  be  formed  into  glasses  of  different  sizes  and 
shapes. 

An  early  proposal  to  use  sol-gel  methods  for  the  fabrication  of  gradient  index  materials  was  made  by 
Mukherjee^^  in  1981.  In  the  same  year,  patents  on  sol-gel®'^'^^  derived  GRIN  glasses  were  filed  by 
researchers  at  Sumitomo  Electric,  Osaka,  Japan. 

To  date,  the  existing  sol-gel  methods  used  to  obtain  radial  gradient  rods  with  parabolic  index  profiles 
all  involve  wet  gel  leaching  and  can  be  divided  into  two  general  categories  -  the  leaching  of  wet  gels 
containing  (1)  metal  salt  dopants  or  (2)  metal  alkoxide  dopants.  The  basic  steps  involved  in  making 
GRIN  glass  by  the  leaching  of  wet  gels  are  shown  in  Figure  2.  Research  carried  out  using  these  sol-gel 
techniques  is  summarized  in  Table  I,  and  described  in  the  following  sections. 
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1)  MIX  CHEMICALS. 


FIXING 

BATH 


4)  ARREST  LEACHING 
BY  SOAKING  GEL  IN 
FIXING  MEDIA. 


2)  POUR  INTO  MOLDS. 
ALLOW  TO  GEL  &  AGE. 


3)  LEACH  GEL  TO  CREATE  A 
COMPOSITION  GRADIENT. 


5)  DRY  CAREFULLY. 


Figure  2.  General  procedure  for  making  GRIN  glass  by  leaching  of  wet  gels. 


TABLE  I.  Sol-gel  derived  GRIN  glass  rod  lens  systems. 

LEACHING  METHOD  PROPERTIES  REF. 


4.1.  GELS  with  METAL  SALT  DOPANTS 


4.1.1. 

Tl,  Cs,  Rb  out 

H,  NH4,  K  in 

Si02  gel  matrix 

10-13  mm  diam.  rods 
w/  good  focusing  abilities 

64-68 

4.1.2. 

Pb  out,  K  in 

B203-Si02  gel  matrix 

6-13  mm  diam.  rods 

An  =  0.02  -  0.05 

69-73 

4.2.  GEL  with  METAL  ALKOXIDE  DOPANTS 

4,2.1 , 

Ge,  Ti,  Ta  out 

H  in 

Si02  gel  matrix 

2-3.4  mm  diam.  rods® 

An  =  0,015  -  0.025 

74-81 

4  2,2. 

Zr,  Ti,  Ge  out 

H  in 

Gel  matrices:  Si02, 

B203-Si02,  AI2O3-S1O2 

3-8  mm  diam.  rods 

An  =  0.013  -  0.028 

6a,  83 

(a)  For  Ge02-Si02  and  Ti02-Si02  systems  only. 
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4.1.  Leaching  of  gels  with  metal  salt  dopants. 

In  this  approach,  a  gel  is  first  prepared  by  reacting  one  or  more  silicon  alkoxides  with  an  aqueous 
solution  of  metal  salt  dopants.  The  doped  gel  is  placed  either  in  water  or  in  an  aqueous  metal  salt 
solution  to  partially  leach  out  the  first  dopant  and  partially  leach  in  a  second  dopant,  creating 
concentration  gradients  of  the  dopants  within  a  silica  gel  matrix.  Once  the  desired  gradients  are 
obtained  and  fixed  into  place  (e.g.,  by  precipitation  of  the  dopants),  the  gel  is  then  dried  and  sintered 
into  GRIN  glass. 

4.1.1.  Leaching  of  gels  with  metal  salt  dopants 

-  TI+,  Rb+  or  Cs+  out  and  H+,  NH4  +  ,  K+  in. 

To  overcome  the  problems  associated  with  the  use  of  phase  separated/leached  porous  glass,  researchers 
investigated  the  use  of  silica  gel®*^'®®  as  the  so-called  "porous  glass  body."  U.S.  Patent  4, 528.010 
describes  a  method^®  involving  the  stuffing  and  unstuffing  of  a  gelled  body  to  make  a  GRIN  glass  using 
thallium,  rubidium  or  cesium  ions  as  the  index  modifying  dopants.  In  one  example,  a  solution  of  cesium 
and  ammonium  silicates  was  acidified  and  allowed  to  gel.  The  resulting  gel  rod  was  leached  in  a  1M 
aqueous  ammonium  nitrate  solution  containing  30wt%  KNO3  and  fixed  in  propanol.  This  resulted  in  a 

gel  which  exhibited  a  Cs'*'  radial  gradient  which  decreased  outwardly,  while  the  NH4‘''/K+  ion  gradient 
decreased  radially  inward.  The  gel  was  then  dried  and  sintered  to  form  a  transparent  GRIN  glass  rod 
with  a  diameter  of  10mm.  A  1/4  x  (pitch)  rod  lens  was  prepared  from  this  sample,  and  found  to  have 
"very  good  focusing  ability". 


4.1.2.  Leaching  of  gels  with  metal  salt  dopants 
-  Pb0-K20-B203-Si02  system. 

This  approach  was  first  investigated®®’^®  in  1986.  Since  then  a  steady  increase  in  the  physical 
dimensions  and  the  magnitude  of  delta-n  for  a  Pb0-K20-B203-Si02  GRIN  system  has  been 
achieved®®'^®,  as  shown  in  Table  2. 


Table  2.  Improvement  of  the  Pb0-K20-B203-Si02  GRIN  glass  system. 


YEAR 

ROD  DIMENSIONS 

(mm  diameter  x  mm  length) 

DELTA-N/PROFILE  SHAPE 

REF. 

XEROGEL 

GRIN  GLASS 

1  986 

10  X  20 

6  mm  diam. 

An  =  0.02 

"w-shaped" 

69 

1987 

12  x15 

7x9 

An  =  0.04 

nearly  parabolic 

71,72 

1990 

24  mm  diam. 

13  X  20 

An  =  0.05 

73 

The  general  procedure  used^®  involves  mixing  a  silicon  alkoxide  with  water,  a  boric  acid  solution  and 
an  aqueous  metal  salt  solution,  such  as  Pb(N03)2.  The  resulting  gel  was  then  immersed  in  a  KNO3 
solution.  Through  diffusion,  Pb"*"®  ions  were  partially  leached  out  of  the  gel  matrix  and  replaced  by  K+ 
ions.  The  gel  was  then  dried  and  sintered  into  glass.  An  early  sol-gel  GRIN  sample®®  prepared  by  this 


bf-’lt  Vol  !  3/S  Si'i  Gfl  Ol'tiis  '!990- 


method  contained  cracks  and  bubbles,  and  exhibited  an  asymmetric  "W-shaped"  index  profile.  The 
probable  cause  of  the  strange  index  profile  as  well  as  the  main  difficulty  with  the  metal  salt  technique 
is  that  the  lead  and  potassium  index  modifiers  are  ions  which  are  not  easily  incorporated  into  the 
structural  gel  network  under  these  reaction  conditions.  These  cations  remain  in  the  liquid  phase  filling 
the  micropores  of  the  wet  gel  and  are  free  to  migrate  during  the  drying  step,  which  leads  to  asymmetry 
in  the  final  index  profile. 

Significant  improvements  on  the  original  process^2,73  have  been  made.  Technical  problems  recently 
addressed  include:  i)  the  elimination  of  bubbles  trapped  during  casting  of  the  sol,  ii)  migration  of 
index-modifying  cations  during  drying,  and  iii)  deformation/fracture  of  the  gel  during  drying.  To 
avoid  trapping  bubbles  in  the  gel,  acetic  acid  was  added  as  a  buffering  agent  to  the  precursor  solution  to 
slow  gelation.  Use  of  this  solution  provided  a  bubble  free  wet  gel  with  the  dimensions  of  35  mm  diam.  x 
50  mm  length. 

Another  key  improvement  made  was  to  precipitate  the  lead  salts  within  the  gel  prior  to  and  after 
leaching  by  soaking  the  gel  in  acetone.  By  replacing  the  liquid  in  the  micropores  of  the  wet  gel  with 
acetone,  lead  ion  migration  in  the  pre-leached  gel  was  substantially  reduced.  To  generate  the  radial 
lead/potassium  compositional  gradients,  the  gel  was  soaked  in  an  ethanolic  solution  of  potassium 
acetate.  After  the  leaching  step  and  formation  of  the  desired  composition  gradient,  ethanol  was 
completely  replaced  by  acetone.  The  steps  involving  the  precipitation  of  lead  and  potassium  by  acetone 
help  to  effectively  fix  the  dopant  concentration  profile,  which  is  maintained  during  the  drying  and 
sintering  process.  Acetone  also  helps  to  eliminate  the  deformation  of  the  gel  during  drying. 

The  method  of  leaching  gels  with  metal  salt  dopants  offers  the  potential  of  preparing  unique  gradient 
glass  combinations  of  alkali,  alkaline  earth  and  rare  earth  ions  in  silica.  Certain  glass  compositions  of 
this  type  would  provide  very  desirable  optical  and  physical  properties.  For  example,  a  Pb0-K20-Si02 

GRIN  glass  system®^  could  result  in  a  lens  material  exhibiting  a  large  An  and  minimal  stress-induced 
birefringence  due  to  differential  thermal  expansion  gradients  in  the  glass. 

4.2.  leaching  of  gels  with  metal  alkoxide  dopants. 

The  difference  between  this  technique  and  that  discussed  in  the  Section  4.1.  is  that  the  index  modifying 
dopants  are  introduced  into  the  sol-gel  solution  as  metal  alkoxides.  The  principle  advantage  of  using 
metal  alkoxide  reactants  is  that  the  index  modifying  species  are  easily  incorporated  into  the  gel 
structure  and  do  not  migrate  during  drying  ?.s  is  the  case  for  metal  salt  dopants.  This  offers  greater 
control  over  the  index  profile. 

4.2.1.  Leaching  of  two-component  (binary)  gels  with 
metal  alkoxide  dopants. 

Binary  gel  systems^^'®"'  which  have  been  developed  for  the  preparation  of  GRIN  glasses  have 
generally  consisted  of  silica  and  an  index  modifying  oxide  such  as  germania,  titania  or  tantalum  oxide.  A 
summary  of  the  activity  in  this  arpa  is  given  in  Table  3. 


152  SPie  Vol  1328  Sol  Gel  0p!icsil990i 


Table 

3.  Development 
by  Hitachi 

of  binary  metal  alkoxide  GRIN  systems 
researchers. 

YEAR 

COMPOSITION 

RESULT 

REF. 

1985 

T30x"Si02 

HF-leached 

2.6  mm  diam  x  10  mm  long  rod 

Reported;  n  =  1.54  center/1.46  surface 

75 

1985 

Ti02-SiC2 
acid  leached 

2.7  mm  diam  x  10  mm  long  rod 

Reported:  n  =  1.56  center/1.46  surface 

74 

1986 

Ge02-Si02 
water  leached 

3  mm  diam  rod 

Parabolic  index  profile  with 
axial  symmetry,  N.A.  =  0.27 

An  =  0.025 

76 

1986 

1 

Ti02-Si02 

HCl  leached 

2  mm  diam  x  10  mm  long  rod 

Nearly  parabolic  index  profile 
with  axial  symmetry,  N.A.  =  0.2 

An  =  0.015 

77 

^  987-88  G302-Si02 

Ti02-Si02 

1 

Diffusion,  microstructural  studies. 

Correlation  with  index  profiles. 

79-81 

A  typical  preparation  of  a  Ge02-Si02  GRIN  glass  is  described  here.  Tetramethoxysilane  was  reacted 
with  a  solution  of  tetraethoxygermanium,  ethanol,  water  and  hydrochloric  acid  to  provide  a  gel.  The  gel 
was  placed  in  water  to  partially  leach  out  the  germanium  dopant,  and  then  washed  in  methanol  to  fix  the 
germanium  dopant  concentration  gradient.  Finally,  the  gel  was  dried  and  sintered  into  a  gradient  index 
glass.  The  product  glass  rods  were  2  mm  in  diameter  with  An  =  0.013. 

Choosing  the  appropriate  leaching  reagent  is  important  to  ensure  the  selective  removal  of  index 
modifying  dopants  from  the  wet  gel.  From  leaching  sludies^^,  Hitachi  researchers  concluded  that  for 
the  Ge02-Si02  and  Ti02-Si02  systems,  germanium  and  titanium  dopants  were  selectively  leached  out 
of  the  gels  due  to  their  greater  solubility  in  the  respective  leaching  reagents  than  silica.  From 
diffusion  studies^®,  Shingyouchi  et  al  showed  that  the  diffusion  behavior  of  the  titanium  species  out  of 
the  wet  gel  is  similar  to  that  of  electrolyte  ions  in  water.  Thus,  formation  of  these  radial  GRIN  rods  is 
controlled  predominantly  by  diftjsion  of  the  index  modifying  dopants.  The  diffusion  coefficients  of  the 
leached  dopants,  which  were  estimated  from  refractive  index  profiles,  using  a  mathematical  treatment 
based  on  diffusion  in  a  cylinder,  were  found  to  be  3.0  x  10'®  and  1.1  x  10'®  cm^/s  for  Ge  and  Ti  ionic 
species,  respectively®^. 

In  addition,  the  concentration  gradient  of  the  dopant  in  the  leached  wet  gels  was  found  to  be  maintained 
in  the  densified  glasses,  as  evidenced  by  the  fact  that  there  was  no  observed  change  in  the  dopant 
concentration  profiles  during  drying  and  sintering. 

The  main  disadvantage  of  the  binary  metal  alkoxide  gel  process  is  that  these  binary  systems  generally 
yield  gels  which  shrink  considerably  during  drying.  This  large  shrinkage  results  in  a  dense  gel  which 
is  difficult  to  sinter  without  fracturing  or  bloating.  The  bloating  problem  is  presently  being  addressed 
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in  homogeneous  Ge02-Si02  glasses®^.  One  drawback  of  the  Ti02-Si02  system  is  that  these  binary  gels 
tend  to  crystallize  at  elevated  temperatures  if  the  Ti02  content  exceeds  ~5  mole%. 

4.2.2.  Leaching  of  multicomponent  (3  or  more  component)  gels  with 
metal  alkoxide  dopants. 

Difficulties  inherent  in  binary  metal  alkoxide  sol-ge!  systems  such  as  cracking  during  drying  or 
sintering,  and  devitrification  can  be  avoided  by  using  3  or  more  starting  components®^’®®.  Gradient 
index  glass  rods  produced  by  this  method  can  range  in  diameter  size  from  3  mm  to  8  mm,  and  have 
refractive  index  gradients  of  up  to  0.03.  In  addition,  the  gradient  index  orofile  typically  can  be  made  to 
be  symmetrical  and  nearly  parabolic  in  shape.  Table  4  lists  the  compositions  of  multicomponent  gels 
made  with  metal  alkoxide  dopants  which  have  been  successfully  processed  into  transparent  GRIN 
glass®^. 


TABLE  4.  Multicomponent  Gel-derived  GRIN  Glasses 

System 

An  (rod  diameter  size  =  3  -  8mm) 

ri02-Al203-Si02  (a) 

0.01  3 

Ti02-Al203-B203  S1O2  (a) 

0.015 

Ti02-Al203-Ge02-Si02  (a) 

0.01  5 

Zr02-Ge02-Si02  (b) 

0.0^58 

Zr02-Al203-B203-Si02  (b) 

0.021 

(a)  H2SO4  leached,  methanol  fix; 

(b)  HCI  leached,  methanol  fix. 

Large  diameter  (>5  mm)  radial  gradient-index  glass  rods  can  be  readily  made  with  Ti02  or  2r02  as  the 
primary  refractive  index  modifier,  if  one  or  more  additional  oxide  components  are  used.  The 
reproducible  preparation  of  Ti02-Si02  GRIN  glasses  based  on  the  Ti02-Al203-Si02  gel  system  has 

recently  been  demonstrated®^  Zr02  systems  were  studied  since  the  use  of  Zr  oxide  as  an  index 
modifier  results  in  a  lower  index  profile  dispersion  than  when  Ti  oxide  is  used.  The  amount  of  Si02  in 
the  gel  should  be  at  least  60  -  98  mole%.  Less  than  60%  Si02  will  result  in  a  gel  which  is  too  weak  to 
withstand  the  processing  steps,  and  greater  than  98%  will  not  yield  useful  refractive  index  changes. 

Gel  preparation  was  based  on  the  partial  hydrolysis  method  developed  by  Yoldas®®  to  prepare  binary 
silicate  gels  from  metal  alkoxides.  A  silicon  alkoxide  was  mixed  with  organic  solvents,  e.g.,  methanol 
and  dimethylformamide,  and  partially  hydrolyzed  by  adding  a  small  amoun*  of  acidic  water  to  the 
reaction  mixture.  After  partial  hydrolysis,  the  different  metal  alkoxides  which  .nclude  index  modifiers 
such  as  titanium  and  zirconium,  and  gel  modifiers  such  as  boron,  aluminum  and  germanium  v.jre  added. 
Additional  water  was  then  added  to  facilitate  gelation.  Prior  to  gelation,  the  solution  was  poured  into  a 
plastic  cylindrical  mold. 

For  most  of  the  systems  listed  in  Table  4,  gelation  typically  occurred  within  a  few  hours  at  room 
teioperature.  The  gel  rods  were  aged  in  tightly  sealed  containers  for  1  day  at  room  temperature,  and 
then  for  another  day  at  69  ^C.  After  aging,  the  gels  were  cooled  and  placed  in  leaching  baths  in  order  to 
partially  leach  out  and  .  reafe  a  concentration  profile  of  the  index  modifying  dopant.  The  choice  of 
leaching  medium  is  d^itermined  by  the  solubility  properties  of  the  component  being  removed.  Leaching 
solutions  for  the  different  systems  are  listed  in  Table  4.  Neither  sulfuric  nor  hydrochloric  acids  will 
disrupt  the  Si02  structure  of  the  gel  to  any  significant  extent  as  long  as  the  Si02  content  of  the  gel  is 
greater  than  65mole%,  and  the  gel  has  been  properly  aged.  Gels  which  have  not  been  aged  long  enough 
can  completely  dissolve  in  the  leaching  bath.  Leaching  times  typically  range  from  5  to  50  hours  for  a 


15mm  diameter  cylindrical  gel.  A  longer  leaching  time  will  remove  more  dopant  from  the  gel, 
generally  resulting  in  a  smaller  index  change  in  the  final  glass. 


After  leaching,  the  gel  was  placed  in  an  organic  solvent,  typically  methanol,  in  order  to  "fix"  the 
concentration  profile  in  place.  The  fixing  media  precipitates  the  index  modifying  components  and 
removes  the  acid  solution.  If  this  fixing  step  is  neglected,  undesired  migration  of  the  non-silicate 
components  can  occur  during  the  drying  process. 

The  gel  was  then  dried  to  produce  a  porous  oxide  body  with  a  greater  amount  of  index  modifying  dopants 
at  its  center  than  at  its  edge.  Leached  gels  can  usually  be  dried  in  one  or  two  days  without  cracking. 
Wet  gels  can  be  easily  dried  by  hypercritical  alcoholic  solvent  evacuation  but  the  resulting  dry  gel  is 
often  more  prone  to  devitrification  during  sintering  than  one  dried  by  xerogel  techniques.  The  dry  gel 
then  was  sintered  into  glass  by  controlled  heating  to  temperatures  as  high  as  1550  °C. 

Addition  of  aluminum  di(sec-butoxide)  acetoaceiic  ester  chelate  to  the  pre-gel  solution  of  Ti02  based 
systems  increases  the  pore  diameter  of  the  final  leached  xerogel,  and  allows  the  gel  to  be  dried  and 
sintered  without  cracking.  After  leaching,  very  little  alumina  remains  in  the  finished  GRIN  glass 
because  it  is  completely  extracted  during  the  leaching  and  fixing  steps.  The  addition  of  the  aluminum 
chelate  to  the  Zr02-Si02  gel  system  also  results  in  greatly  enlarged  pores,  unfortunately,  the  Zr02- 
Al203-Si02  gels  tend  to  crystallize.  The  addition  of  Ge02  and  B2O3  dopants  to  the  titania  and  zirconia 
based  systems  helps  to  prevent  crystallization  and  bloating  during  the  sintering  process.  The  addition 
of  germania  also  increases  the  overall  change  in  refractive  index  obtained  in  the  GRIN  lens. 

5.  CONCLUSIONS 

Although  sol-gel  methods  for  making  gradient  index  glass  are  relatively  new,  some  very  encouraging 
results  have  been  reported.  Radial  GRIN  rods  with  diameters  of  5  mm  or  more  and  of  a  variety  of 
compositions  can  now  be  routinely  fabricated  in  the  laboratory.  One  of  the  key  advantages  of  the  sol-gel 
technique  is  its  compositional  flexibility,  since  sol-gel  precursors  for  almost  all  index  modifying 
metals  are  available.  By  comparison,  the  conventional  ion  exchange  technique  is  limited  for  all 
practical  purposes  to  the  use  of  single  valence  ions  for  creating  an  index  gradient. 

A  variety  of  gel  processing  techniques  are  currently  in  use,  but  at  the  present  time  it  is  not  clear 
whether  or  not  one  of  them  has  a  definite  advantage  over  the  others.  The  current  state  of  the  art  only 
hints  at  the  full  potential  of  the  sol-gel  method,  and  it  is  likely  that  further  work  in  this  field  will  be 
very  rewarding. 
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ABSTRACT 

A  new  technique  for  producing  radial  gradient  refractive  Index  (r-GRIN)  titanium-doped  silica  lenses 
has  been  developed  employing  a  sol-gel  leaching  method.  The  obtained  lenses  possess  a  parabolic  Index 
distribution  and  give  good  Images  with  high  resolution.  They  also  show  high  coupling  efficiency  with 
optical  fibers  and  enable  a  low-loss  large  distance  space  transmission  of  light  between  optical  fibers. 
Furthermore  the  sol-gel  r-GRIN  lenses  show  a  high  degree  of  environmental  stability  as  expected  for  the 
doped-sllica  lenses. 


1.  INTRODUCTION 


R-GRIN  lenses  have  been  widely  used  with  the  development  of  optical  communication  and  sensing  sys¬ 
tems.  Many  different  techniques  such  as  Ion-Exchange,  chemical  vapour  deposition  (CVD)  and  molecular 
stuffing  have  been  explored  to  fabricate  them  .  Most  of  the  r-GRIN  lenses  available  today,  however,  are 
produced  by  an  Ion-exchange  method  using  multicomponent  glasses.  Although  the  multicomponent  r-GRIN 
lenses  show  fairly  good  optical  quality,  they  do  not  possess  good  environmental  stability  due  to  their 
material  compositions.  Therefore  It  Is  desirable  to  develop  a  new  method  which  can  produce  r-GRIN  lenses 
with  both  good  optical  quality  and  environmental  stability.  In  this  paper  we  present  a  fabrictlon  method 
and  environmental  characteristics  of  r-GRIN  lenses  produced  by  a  newly  developed  sol-gel  leaching  method 
The  fabriatlon  process  consists  of  preparation  of  wet  gels  from  a  mixture  of  silicon  and  titanium  alko- 
xldes,  formation  of  a  titanium  concentration  gradient  In  the  wet  gels  by  diffusion  controlled  selective 
leaching  of  the  titanium  component,  and  drying  of  the  leached  wet  gels  followed  by  sintering  of  the  dry 
gels.  Cracking  of  the  gels  and  light  scattering  of  the  densifled  glasses  which  are  often  observed  In 
the  sol -gel  derived  glasses  have  been  overcome  by  careful  control  of  the  entire  process.  The  fabricated 
r-GRIN  lenses  possess  a  well-defined  parabolic  Index  distribution,  and  also  give  good  Images  with  high 
resolution  even  after  they  are  elongated  by  heat  treatment.  Since  they  function  as  a  good  collimating 
and  focusing  lens,  they  allow  a  low-loss  large  distance  space  transmission  of  light  between  optical  fi¬ 
bers.  Moreover,  they  exhibit  a  high  degree  of  stability  In  an  adverse  environment  such  as  high  tempera¬ 
ture,  high  humidity  and  strong  radiation  as  expected  for  high-slica  glasses. 


2.  FABRICATION 


3 

The  sol-gel  process  to  fabricate  the  doped-sllica  r-GRIN  lenses  Is  outlined  In  Fig.  1.  The  proc¬ 
ess  starts  with  preparation  of  Individual  n-propanol  solutions  of  silicon  tetramethoxide  [S1(0Me)4]  and 
titanium  tetra-n-butoxide  [T1 (0-n-Bu)4].  The  two  solutions  are  mixed  together  and  a  small  amount  of  am¬ 
monia  water  Is  added  to  the  solution  followed  by  the  Introduction  of  formamide.  The  resultant  sol  solu¬ 
tion  Is  poured  Into  glass  tubes.  Rod  shaped  wet  gels  are  obtained  as  a  result  of  gelation.  After  aging 
for  a  few  days,  the  gels  are  Immersed  In  hydrochloric  acid  to  leach  out  the  titanium  component. 

The  leached  gels  are  then  heated  up  to  lAOT  1n  the  open  air  to  obtain  the  dry  gels.  Finally,  the  dry 
gels  are  sintered  into  the  densifled  glasses.  The  wet  gels  and  the  densifled  glasses  are  approximately 
6  anC  2  mm  In  diameter  and  30  and  10  mm  In  length,  respectively.  Some  details  of  the  process  are  de¬ 
scribed  below. 
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Fig.  1.  Outline  of  the  sol -gel  process 
to  produce  r-GRIN  lenses. 


Fig.  2.  Diffusion  controlled  leaching  of  the  titanium 
component  out  of  a  wet  gel . 


F1g.  3.  Photograph  of  the  sol-gel  derived 
r-GRIN  lenses. 


2.1  Solution  preparation 

Since  S1(0Me)4  and  T1(0-n-Bu)4  are  very  different  In  their  sol-gel  reactivity,  It  Is  Important  to 
prepare  sol  and  gel  solutions  with  good  homogeneity.  We  adopted  a  stepwise  process  to  attain  this,  I.e., 
partial  hydrolysis  of  S1(0Me)4  In  n-propanol  by  addition  of  a  small  amount  of  hydrochloric  acid  followed 
by  addition  of  T1(0-n-Bu)4  diluted  with  n-propanol  and  then  Introduction  of  an  ammonia  water  for  adjust¬ 
ment  of  pH  of  the  resultant  sol  solution.  This  procedure  yields  a  clear  solution  without  the  formation 
of  titanium  dioxide  precipitation.  Formaralde  was  also  added  to  the  solution  as  a  Drying  Control  1  Chemi¬ 
cal  Additive  (DCCA)  to  avoid  cracking  during  drying  of  the  wet  gels. 

2.2  Leaching 


For  formation  of  a  titanium  concentration  gradient  Inside  the  wet  gels,  we  have  to  make  a  proper 
choice  of  leaching  reagent  for  titanium  and  further  to  confirm  that  the  selective  leaching  of  titanium 
out  of  the  wet  gel  Is  predominantly  controlled  by  diffusion.  We  found  that  add,  particularly,  hydro¬ 
chloric  acid.  Is  suitable  for  selective  leaching  of  tianlum  out  of  a  SI (0Me)4-T1 (0-n-Bu)4  wet  gel. 

Fig.  2  shows  the  time  dependence  of  the  leached  amount  of  silicon  and  titanium  from  a  wet  gel  In  10% 
hydrochloric  acid.  The  solid  curve  for  titanium  Is  calculated  using  the  diffusion  equation  for  a  cylin¬ 
der  and  assuming  a  diffusion  coefficent  of  1.1  x  10'^  cm^/s  for  the  titanium  component.  The  curve  fits 
the  experimental  data  well  and  verifies  that  the  selective  leaching  of  titanium  Is  diffusion  controlled.'* 
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2.3  Drying  and  sintering 

Careful  control  of  the  drying  and  sintering  of  the  gels  Is  also  needed  to  obtain  clear  glasses  which 
are  crack-free  and  show  no  light  scattering  due  to  micropores.  The  leached  wet  gels  are  washed  throughly 
with  water  to  remove  the  hydrochloric  acid  Inside  them.  The  washing  Is  followed  by  drying  In  which  the 
gels  are  gradually  heated  from  room  temperature  to  140°C  In  the  open  air.  Fast  drying  Is  apt  to  cause 
cracking  of  the  gels.  Then  the  dry  gels  are  heated  In  an  electric  furnace  up  to  600°C  In  an  oxygen  at¬ 
mosphere  to  remove  organic  residues  by  oxidation.  Finally,  the  gels  are  heated  to  1250°C  In  a  helium 
atmosphere  to  obtain  bubble-free  clear  glasses.  Fig.  3  shows  a  photograph  of  the  sol-gel  derived  r-GRIN 
lenses. 

3.  OPTICAL  PROPERTIES 


3.1  Refractive  Index  profile 


As  described  In  the  preceding  section  a  concentration  gradient  of  titanium  Is  formed  Inside  the  wet 
gels  by  diffusion  controlled  leaching.  It  is  not  certain,  however.  If  this  concentration  gradient  of 
titanium  Is  retained  through  the  later  process  after  leaching.  Fig.  4  shows  an  example  Index  profile  of 
the  fabricated  rods  examined  with  a  tranmisslon  Interference  microscope.  The  observed  index  profiles  fit 
the  parabolic  equation  well 


n(r)  .  No(l  -  g^r^) 


(1) 


Where  the  value  of  No  Is  around  1.5  and  that  of  g  varies  from  0.09  to  0.13  mm*^  depending  on  the  fabri¬ 
cation  conditions.  The  observation  of  the  parabolic  Index  distributions  Is  a  confirmation  that  the  con¬ 
centration  gradient  of  titanium  Inside  the  gels  Is  retained  through  their  fabrication.  Including  drying 
and  sintering  after  leaching. 


(A) 


(B) 


Ills  4 
!ilS  F 

Ills  r 


Fig.  4.  Radial  Index  profile  of  a  sol-gel 
r-GRIN  lens. 


F1g.  5.  Images  formed  by  sol-gel  r-GRIN  lenses. 

(A)  2  mm  In  diameter. 

(B)  1  mm  In  diameter. 
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3.2  Image  formation 


We  need  to  examine  Image  formation  by  the  sol-gel  r-GRIN  rods.  Since  the  radial  Index  profile  Is  a 
well  defined  parabola  with  good  axial  symmetry.  Images  with  little  distotlon  are  expected.  Furthermore, 
the  smooth  Index  gradient  arising  from  molecular  level  composition  changes  Is  likely  to  yield  high  reso¬ 
lution  of  the  obtained  Images.  One  more  Important  point  to  be  noted  Is  that  the  fabricated  r-GRIN  rods 
can  be  elongated  by  heating  Just  as  Is  the  case  of  producing  silica  optical  fibers,  In  which  large-sized 
preforms  are  elongated  to  thin  optical  fibers.  The  elongation  of  r-GRIN  glasses  by  heating  without 
changes  of  Index  profile  Is  possible  only  for  doped-sl 1  lea.  Figure  5  shows  optical  micrographs  of  the 
resolution  target  Images  formed  by  the  sol -gel  r-GRIN  rods.  A  mother  rod  of  2  mm  In  diameter  gives  the 
Image  (A),  whereas  a  rod  elongated  to  1  mm  In  diameter  from  the  mother  rod  shows  the  Image  (B).  These 
Images  confirm  the  above  described  expectations.  The  resolution  of  the  lenses  Is  evaluated  to  be  higher 
than  100  Ip/mm. 

3.3  Beam  col  1 Imatlon 


Optical  characteristics  of  the  r-GRIN  rods  as  a  lens  vary  with  their  length.  Therefore  their  length 
Is  adjusted  to  meet  each  specific  purpose.  One  of  the  commonly  used  lengths  Is  a  quarter  pitch,  which  Is 
useful  for  colllmatlon.  We  prepared  nearly  quarter  pitch  rods  and  examined  their  collimating  power.  Two 
photographs  are  shown  In  Fig.  6  giving  a  visible  demonstration  of  the  beam  colllmatlon  ability  ;  the  out¬ 
put  beam  from  a  standard  graded  Index  (GI)  optical  fiber  (50  m  In  core  diameter)  Is  Introduced  Into  a 
translucent  plastic.  (A)  Is  the  case  without  a  r-GRIN  rod  and  (B)  with  a  quarter  pitch  sol-gel  rod  at¬ 
tached  near  the  fiber  end.  The  two  cases  are  clearly  distinguished  and  show  how  the  quarter  pitch  r-GRIN 
lenses  work  as  a  collimator.  F1g.  7  shows  numerical  data  for  diameters  of  the  output  beam  from  optical 
fibers,  a  GI  fiber  and  a  single  mode  (SM)  fiber  when  a  nearly  quarter  pitch  sol-gel  r-GRIN  lens  Is  placed 
close  to  the  ilber  end  for  each.  The  experimental  setup  Is  also  given  In  the  figure.  The  beam  diameter 
Increases  with  expansion  of  spacing,  giving  approximately  4  mm  for  a  GI  fiber  and  1  mm  for  an  SM  fiber 
at  the  spacing  of  400  mm,  because  the  colllmatlon  effect  Is  not  perfect.  However,  If  we  compare  these 
values  with  those  of  r-GRIN  lensless  cases.  In  which  a  GI  fiber  gives  about  200  mm  and  an  SM  fiber  about 
80  mm  beam  diameters  at  the  distance  of  400  mm  from  the  fiber  end,  we  can  appreciate  the  degree  of  the 
colllmatlon  effect  by  the  sol-gel  r-GRIN  lenses. 
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F1g.  6.  Spreading  of  the  output  beam  from  a  GI  fiber.  FI 

(A)  without  a  sol-gel  r-GRIN  lens. 

(B)  with  a  sol-gel  r-GRIN  lens. 
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y.  7.  Diameters  of  the  output  beams 

from  optical  fibers  after  passing 
through  a  nearly  quarter  pitch 
sol-gel  r-GRIN  lens. 
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3.4  Coupling  with  optical  fibers 


The  r-GRIN  lens  1s  being  used  In  a  number  of  fiber  optic  devices  .  The  aim  of  the  r-GRIN  lens  is  to 
collimate  the  diverging  light  from  an  input  fiber  and  direct  the  light  onto  a  receiving  r-GRIN  lens  which 
focuses  the  light  onto  a  receiving  fiber.  That  is  the  r-GRIN  lens  functions  as  a  collimator  and  a  focus- 
er.  The  gap  between  the  two  r-GRIN  rods  depends  on  device  requirements.  In  many  applications,  a  large 
gap  between  the  two  lenses  are  needed  with  minimal  loss  increase.  Fig.  8  shows  lens  spacing  dependence 
of  insertion  loss  when  a  pair  of  quarter  pitch  sol-gel  r-GRIN  rods  are  coupled  with  optical  fibers.  The 
experimental  conditions  for  the  measurements  are  also  given  in  the  figure.  A  2  km  long  input  fiber  and 
a  3  m  long  receiving  fiber  are  used.  The  results  are  shown  for  three  different  types  of  input  and  re¬ 
ceiving  fiber  pairs.  The  loss  is  defined  as  10  log  (Po/P),  where  Po  is  the  light  power  Inputted  to  a 
r-GRIN  lens  from  the  input  fiber  and  P  is  the  power  received  by  a  short  fiber.  Among  the  three  fiber 
pairs,  the  GI  v- SM  pair  gives  the  smallest  loss  value  of  about  1  dB  and  it  is  almost  independent  of  the 
lens  spacing.  The  other  two  pairs  give  a  nearly  equal  loss  value  of  approximately  2  dB  up  to  the  spac¬ 
ing  of  200  mm,  but  thereafter  the  loss  Increase  of  the  GI  «-  GI  pair  is  larger  that  of  the  SM<-SM  pair. 
These  results  are  reasonable,  because  the  SM  fiber  is  smaller  both  in  core  diameter  and  in  numerical  ap¬ 
erture  (NA)  than  the  GI  fiber. 

The  point  we  want  to  stress  here  is  that  such  a  low-loss  large  distance  space  transmission  of  light 
between  optical  fibers  using  the  r-GRIN  lenses  as  the  present  case  has  not  been  reported  before.  That  is, 
the  loss  Increase  with  lens  spacing  is  much  larger  for  r-GRIN  rods  produced  by  other  methods.  Therefore 
we  believe  that  the  sol-gel  r-GRIN  lens  would  be  a  great  help  to  those  devices  which  need  a  low-loss 
large  distance  space  transmission  of  light. 


Experimental  setup 

5  fiber,  3m  '5^  fiber,  2kra  ^  ^ 

power  G  K  I  N  lens  L  D 

meter 

[2  mm  in  diameter] 


CQ 

X! 

W 

M 

O 


Lens  spacing  J2  (urn) 


Fig.  8.  Coupling  efficiency  of  optical  fibers  using  a  pair  of  r-GRIN  lenses. 
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4.  ENVIRONMENTAL  STABILITY 


Since  the  sol-gel  r-GRIN  lenses  have  a  doped-s1l1ca  composition,  they  are  expected  to  show  much 
higher  performance  In  an  adverse  environment  than  the  multicomponent  glass  lenses.  The  stability  has  to 
be  evaluated  experimentally.  We  evaluated  the  environmental  stability  of  the  sol-gel  r-GRIN  lenses  based 
on  changes  In  their  appearance  and  In  coupling  efficiency  before  and  after  exposure  of  the  lenses  under 
each  environment.  The  GI  -  GI  fiber  pair  was  used  in  the  experimental  setup  of  Fig.  8.  The  results  are 
shown  In  Table  1  together  with  those  for  commertlally  available  multicomponent  r-GRIN  lenses  for  compar¬ 
ison.  For  the  heat  resistance  experiment  the  lenses  were  heated  up  to  IGOO'C  In  air  and  maintained  at 
the  temperature  for  2  hours.  The  sol -gel  lenses  show  no  melting,  no  deforming,  nor  discoloring  and  the 
optical  loss  Increase  was  zero,  whereas  the  multicomponent  lenses  melt  around  670°C.  For  the  humidity 
resistance  experiment  the  lenses  were  placed  In  a  chamber  with  a  water  vapour  pressure  of  2  atm  at  121“C 
for  10  hours.  The  sol -gel  lenses  show  no  changes  In  appearance  and  In  optical  transparency,  while  the 
multicomponent  lenses  become  white  due  to  devitrification.  For  the  acid  resistance  experiment  the  lenses 
were  Immersed  In  1  N  hydrochloric  acid  at  room  temperature  for  5  hours.  The  sol-gel  rods  show  no  changes 
at  all,  but  the  mul Icomponent  rods  undergo  whitening  and  cracking.  We  also  performed  a  radiation  re- 
sponce  experiment  using  Co  y-rays.  Radiation  resistance  Is  Important  for  optical  devises  used  In  such 
environment  as  nuclear  power  stations  and  space  stations.  Fig.  9  shows  the  y-ray  dose  dependence  of  the 
coupling  loss  Increase.  The  sol-gel  lenses  show  a  gradual  Increase  In  loss  with  dose  Increase,  while  the 
mul Icomponent  lenses  undergo  a  steep  Increase  due  to  deep  coloration,  which  causes  practically  no  trans¬ 
mission  of  light  at  the  dose  of  10®  rad.  Thus,  strong  resistance  to  harsh  environment  Is  confirmed  for 
the  sol-gel  r-GRIN  lenses. 


Table  1.  Environmental  Stability  of  r-GRIN  glass  lenses. 


cnv i ronmcn  t 

lo.ss  increase  0.84^4  0 

sol  -  gel 

multicomponent 

1000°C  ,  2  h  in  air 

0 

OO 

(melting) 

121”C,  2  atm  water 
vapour,  2h 

0 

OO 

(devitrification) 

25*C,  IN-HCl,  5h 

0 

OO 

(devitrification) 

lO^rad,  y-rays 
in  air 

1  0 

OO 

(coloration) 

Fig.  9.  Radiation  responce  of  r-GRIN  glass  lenses. 
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5.  CONCLUSIONS 


We  have  developed  titanium-doped  silica  r-GRIN  rod  lens  using  the  sol-gel  leaching  method.  The  fab¬ 
ricated  lenses  showed  well-defined  parabolic  index  profiles  and  gave  good  Images  with  high  resolution 
even  after  being  elongated  from  a  mother  rod  by  heating.  They  functioned  as  a  good  collimator  and  also 
showed  high  coupling  efficiency  with  optical  fibers,  which  allowed  a  low-loss  large  distance  space  trans¬ 
mission  of  light  between  optical  fibers.  Examination  of  environmental  stability  of  the  lenses  revealed 
their  high  degree  of  resistance  to  heat,  humidity,  add,  and  /-radiation  as  expected  for  the  doped-silica 
composition.  The  sol-gel  r-GRIN  lenses  having  both  good  optical  quality  and  high  stability  in  an  ad¬ 
verse  environment  will  be  versatile  materials  with  many  applications. 
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ABSTRACT 


The  newly  emerging  field  of  Nonlinear  Optics  and  Photonics  offers  tremendous 
opportunities  for  optical  engineers  and  materials  scientists.  The  approach  used  for 
sol-gel  optics  i.e.  the  use  of  sol-gel  processing  can  play  a  very  important  role  for 
the  development  of  nove.  materials  and  device  structur-s  for  nonlinear  optics  and 
photonics.  In  this  paper,  chemical  processing  using  the  sol-gel  method  is  reported 
for  preparation  of  new  composite  materials  of  both  a  silica  glass  and  a  '^2^5  6^1  with 
a  n  conjugated  polymer  poly-p-phenylene  vinylene  up  to  505^  by  weight.  The  composite 
films  show  highly  improved  optical  quality  with  large  third-order  nonlinear  optical 
coefficient,  the  latter  derived  from  the  conjugated  polymer.  Optical  waveguiding 
through  the  film  has  been  achieved.  Nonlinear  optical  studies  using  femtosecond 
degenerate  four  wave  mixing,  optical  Kerr  gate  switching  and  power  dependent 
waveguide  coupling  have  been  successfully  performed.  Also,  to  investigate  the  use  of 
S'ch  films  for  optical  recording,  a  two  dimensional  grating  structure  has 
successfully  been  produced. 


1.  INTRODUCTION 


Photonics  has  been  labelled  as  the  technology  for  the  21st  century.  It  is  a 
multidisciplinary  field  which  has  captured  the  imaginations  of  scientists  and 
engineers  worldwide.  Sol-gel  processing  can  provide  new  ceramic  composite  materials 
with  multifunctionalities  needed  for  photonics  applications.  In  this  article  I  hope 
to  highlight  this  point. 

Photonics  describes  the  technology  in  which  a  photon  is  used  to  transmit, 
process  and  store  information  with  an  obvious  gain  in  speed,  bandwidth  and  density  of 
information  processing.  The  technology,  therefore,  deals  with  high  density  optical 
data  storage,  optical  processing  of  information  and  image  analysis.  In  addition, 
there  is  a  need  for  devices  to  provide  sensor  protection  against  laser  threat. 

Some  of  the  needed  operational  functions  are  frequency  conversion,  light 
modulation  and  optical  switching.  For  these  functions  one  needs  nonlinear  optics 
which  describes  processes  occurring  under  the  influence  of  a  laser  pulse.  The 
resulting  polarization  in  the  medium  can  be^written  in  the  form  of  a  power  series 
expansion  in  the  electric  field  strength  as 
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The  term  x  '  ,  the  linear  susceptibility,  describes  the  linear  optical  effect 
such  as  absorption,  refraction,  etc.  under  ordinary  light  intensities  and  is  related 
to  the  refractive  index  of  the  medium  as 
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The  terms  x/ ~  ^  and  x*'^^  called  second  and  third  order  nonlinear 


susceptibilities,  respect  i  vq^l  y__j^  describe  the  second  and  third  order  nonlinear  optical 
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procesaea.  Fot'  all  optical  pt'ococsing  of  in t'ocmat iot: ,  the  impontant  nonlinear- 
process  is  third  order,  the  mar: ;  festat  ions  -■?'  which  are  th  i  rd-har'mon  i  c  generation  and 
interisity  dopr  ndence  of  refractive  index.  it  is  the  latter-  which  provides  the  method 
of  light  control  by  light.  Conjugated  polymers  with  extensive  ii-elcctroi! 
delocalization  have  emerged  as  an  important  class  of  th i rd-or-der  nonlinear  optical 
materials  because  trie  ;i-e!ectrons  make  a  lai'ge  contri^p*^  ion  to  optical  nonlinearity. 
In  addition  to  having  a  large  nonlinear'  coefficient  x  ^  needed  so  that  a  nonlinear 
component  can  be  switched  with  low  energy  pulses,  the  mater-ials  must  also  have 
mechanical  strength,  env i ronnicntal  stability,  high  optical  damage  threshold  and  low 
optical  losses.  Organic  polymeric  materials  are  in  general  optically  lossy. 

Inorganic  glasses,  par t i cii  lar ! y  silica,  are  excellent  photonic  media;  high  quality 
fibers  and  films  with  extreme. y  low  optical  losses  can  be  pr-epared.  However,  the 
nonlinear  optical  coefficients  of  these  glasses  are  extremely  low.  There  is  a  need, 
therefore,  to  optimize  both  the  nonlinear  coefficient  and  the  optical  losses. 

An  obvious  approach  will  be  to  make  a  composite  of  a  conjugated  polymer  and  an 
inorganic  glass.  The  preparation  of  such  composites  run  into  two  difficulties  (i) 
High  temperatur-e  processing  of  glass  cannot  be  used  as  most  polymers  decompose  by 
300-350°  C.  (ii)  Because  ol  the  incompatibility  of  the  organic  polymeric  and 
inorganic  glass  structures,  generally  a  phase  separation  occurs  at  higher 
compos i t  ions . 

We^havG  recently  developed  such  composites  using  the  sol-gei  chemical  processing 
method.  In  our  opinion,  this  approach  opens  up  an  important  avenue  to  produce  novel 
composite  structur'es  for  applications  in  both  photonics  and  electronics.  In  this 
paper,  the  merits  of  the  sol-gei  processing  technique  for  photonics  are  briefly 
discussed.  Then,  the  characterization  of  these  composites,  theit'  nonlinear  optical 
studies  and  optical  wave  guide  experiments  are  presented. 

2.  MEKITS  OF  THE  SOL -GEL  PROCESSED  COMPOSITES 


So!-ge.  processing  of  composite  structures  offers  the  following  advantages  for 
phot  or; ;  cs  : 

a)  tremer-dous  fioxibiiitv  to  introduce  multifunctionality  desired  for  device 
apfo  ic.it  i  ons .  This  flexibility  enables:  1.  Preparation  of  numerous  composite 
striicfures  incorporating  var’ious  inorganic  and  organic  species  because  of  the  sol-gel 
low  tempe-fature  chemical  processing.  2.  Use  of  infiltration  to  incorporate  molecular 
species  into  the  poie'S  and  layers.  3.  Conducting  chemistt'y  in  the  pores  and  layers 
before  Gor.si f ication .  4  Making  novel  unusual  molecular  composites  of  the  sol-gel 

glass  arid  a  thir-d-ordor  nonlinear  optical  polymer. 

d)  opport on ! ty  to  make  various  guided-wave  structures  such  as  planar  waveguides, 
charinel  waveguides  ar.d  fiber-s. 

c)  Eleotriu  l'i-;ld  poling  duririg  gelation,  for-  dipole  aiigtimcnt  needed  for-  second 
or-der  effect,  as  polirig  is  more  effective  due  to  iricreased  moiecular-  mobility  of  the 
str  uctur-e . 

d;  opport.ri  1 1  les  to  preO-ar-i,'  composites  with  un'usual  e!ecltu!iic  and  optical 
pr  iperties  by  .iSir.g  he- te;  r-'jst  ruct  nr  os  consistirig  of  mixed  va.ence  inorgaiiic  semi- 
cotid:  ctee  and  o-tvpe  'jr-garoc  sere i  eonduc tors  . 

•j  .  1  H:;.  ',Lw  e'jM!''JlSl  iL  CijMso-  POLYMER  M  (*.  1  US  in LS 

osinr  J'j.-.'e.  nro.i-'SS  i  ra'  -^.eer;:.  1  q..e  -we  have  pi-epafed  seter-al  inorgaiiic  oxide. 

corMogat-'i  Loivr*-:  o p';.; .  t  es  ;r.  wnicn  the  twe.  componer.ts  ac-  honiogetiGous !  y  mixed  in 
!ar'p‘  i-ijmp'  ;  .  t  : '  ;i,:;  ( T.p:  to  -''lir  r  v  w-  .tO-a)  withaiit  phase  separation.  Thi?  corij"gated 
■  e;:  Uii-ar  './Ltiej.  p- .0 'y' r-  :o  ..kj  . -p-iire-r  v  i  e-.e  viriyier.e  abbr  liV  i  a  i  erj  as  Pi'V,  shown 
h-m -jw  I  .  1'  -.it'  j;  ;  •  wo  otart  ;  th  i  water-  s-.-nbie  sn  1  fr.n  i  urri  salt  piolymer 


precufsot'  of  PPV  which  when  cast  in  the  film  form  and  heated  above  230“  C  undergoes 
the  following  elimination  reaction  to  produce  the  conjugated  polymeric  structure  of 
PPV. 


Precursor  polymer  PPV 


To  prepare  the  new  composites,  the  PPV  polymer  precusor  is  homogeneously  mixed  with 
the  sol-gel  precursor  in  a  common  solvent  in  very  high  compositions.  The  film  is 
cast  and  durir.g  the  heat  treatment  the  polymer  precursor  converts  into  the  final 
conjugated  polymer.  Ine  result  is  an  optically  transparent  film  of  wave  guiding 
quality  (i.e.,  very  low  optical  losses).  The  formation  of  this  compatible  blend  is 
due  to  a  synei'gistic  effect  occuring  during  the  chemical  transformation  of  each 
component.  We  do  not  know  at  this  stage  if  they  are  moiecuiarly  mixed.  However,  the 
excellent  optical  quality  clearly  indicates  that  if  domains  exist,  they  are  much 
smaller  than  the  wavelength  of  light. 

We  have  prepared  composites  of  the  PPV  polymer  with  the  sol-gel  processed  silica 
glass  and  V^Oj.  gel.  In  both  cases  optical  quality  films  were  obtained.  The  U.V. 
visible  absorption  spectra  of  both  silicatPPV  and  gel:PPV  composites  indicate 

quantitative  conversion  of  the  PPV  pt'ecursor  to  the'^conjugated  PPV  structure.  .At 

this  stage,  only  the  siiica;l'PV  composite  has  been  characterized  in  more  detail. 

Both  use  and  TGA  thermal  analysis  have  been  performed  on  this  composite  material. 

The  results  indicate  that  the  conversion  of  the  PPV  precursor  to  the  final  conjugated 
PPV  structure  is  indeed  facilitated  in  the  composite  structure.  The  conversion 
temperature  shifts  f{:om  230“  C,  found  for  the  pure  PPV  precursor,  to  140°  C  in  the 
composite  structure. 

A  number  of  linear  and  nonlinear  optical  studies  have  been  performed  on  the 
composite  films.  A  film  of  about  one  micron  thickness  was  used  to  conduct  optical 
waveguide  studies.  At  ’.06u,  propagation  distances  of  upto  2  cm  through  the  fxlm 
were  readily  achieved.  An  estimation  of  the  waveguide  loss  is  about  -UdB/cm.  We 

believe  that  by  optimizing  the  processing  variables,  this  loss  can  be  greatly 

reduced.  The  waveguide  prism  coupling  experiment  also  yielded  information  on  the 
refractive  indices  of  tlie  TE  and  TM  modes  at  1.06u.  These  two  modes  of  propagation 
differ  in  the  polarization  of  “he  wave.  In  the  TE  mode,  the  electric  field  vector  of 
the  propagating  waveguide  mode  Lies  ^n  the  plane  of  the  film,  while  for  the  TM  mode 
it  is  outside  the  plane  of  the  filmj.  The  refractive  indices  are  1.72  and  1.60  for 
the  TE  and  TM  modes  at  I.Obu  indicating  a  birefringence  even  in  the  as-cast  film. 

The  higher  refractive  index  for  the  TE  mode  may  be  the  result  of  a  preferential 
alignment  of  the  polymer  chains  in  the  plane  of  the  film.  In  the  optical  waveguiding 
arrangement  with  the  prism  coupler  we  have  also  obtained  the  Raman  spectra  of  the 
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film;  the  bands  due  to  the  PFV  nolymet-  corneiate  nicely  with  those  obtained  for  the 
pure  PPV  material. 

Nonlinear  optical  studies  have  been  carried  out  in  both  the  bulk  configurat ion 
and  the  waveguide  geoi^^y'y  .  A  convenient  method  to  measure  the  third-order  nonlinear 
optical  coefficient  x'  and  its  t ime-respons^  is  degenerate  four  wave  mixing  (DFWM) 
which  has  been  described  in  detail  elsewhere.  The  method  can  best  be  understood  by 
using  a  grating  picture.  Two  coherent  beams  of  same  frequency  interact  in  a  medium 
suen  as  the  siiica;  PPV  film.  They  set  up  an  intensity  modulation  pattern  due  to 
interference.  Since  for  a  third  order  material,  the  refractive  index  is  dependent  on 
the  intensity,  a  refr-actlve  index  modulation  (grating)  results.  A  third  beam,  the 
probe  beam,  of  same  frequency  is  diffracted  from  this  grating  to  produce  the  signal, 
the  intensity  of  which  is  proportional  to  the  square  of  x  •  The  decay  of  the 
signal  intensity  as  a  function  of  the  time  delay  of  the  pr-obe  beam  with  respect  to 
the  interfering  beams  gives  direct  information  on  the  response  time  of  the  third- 
order  optical  nor.l  Hioar'ity .  We  have  conducted  this  study  using  ^100  femtosecond^ , 
pulses  from  a  Nd:Yag  laser  .^gulse  compressed  amplified  system  at  602  nm.  The  x  g 
value  obtained  is  -3  x  10  esu  for  a  '50:50  composite;  this  value  is  fairly  high. 

Ihc  response  time  is  limited  by  the  pulse  width  of  the  laser.  We  have  also  conducted 

the  DF'WM  studies  usi[jg  50  femtosecond  pulses  from  an  amplified  colliding-pulse  mode- 
locked  laser-  system.  The  nonlinearity  in  the  composite  shows  response  on  this  time 
scale,  again  limited  oy  the  pulse  width.  Using  50  femtosecond  pulses,  we  have  also 

performed  an  Optical  Ker-r  gate  experiment  in  which  a  strong  pump  beam  creates  an 

optically  induced  b  i  r-e  fp  i  t;gence  in  the  nonlinear  medium.  This  birefringence  is 
detecto'’  by  passing  a  linearly  polarized  probe  beam  thi-ough  the  medium  and  detecting 
the  switching  on  of  the  tr'ar.sverse  component  through  a  polarizing  analyzer.  We  have 
observed  optical  switching  in  50  femtoseconds.  Figure  1  shows  the  results  of  the 
Kerr-  gate  study.  We  ther'efore  observe  ultrafast  nonlinear  response  in  femtoseconds 
for  this  composite  material. 


Figure  1:  Optical  Ker-r-gate  signal  for  the  sol-gel  siiica;  fO'V  composite  as  a 
function  of  time  delay  betweeri  fne  pump  and  probe  beam 
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In  the  waveguide  annangement ,  we  have  investigated  tiie  third-order  optical 
nonlinearity  by  invest igat in^^the  power  dependent  coupling  angle  at  1.06u  using  a 
grating  coupler  arrangement.  The  film  of  the  silicarPPV  composite  is  deposited  on 
a  quartz  substrate  on  which  input  and  output  grating  couplers  have  been  fabricated 
using  the  ion  milling  technique.  The  input  wave  couples  through  the  grating  at  a 
specific  angle  which  is  determined  by  the  refractive  index  of  the  firm.  As  the 
intensity  of  the  beam  is  increased,  the  refractive  index  of  the  film  changes  leading 
to  a  change  of  the  coupling  angle. ^^We  have  successfully  observed  this  intensity 
dependent  coupling  angle  behavior.  '  This  phenomenon  is  also  of  interest  from  device 
application  point  of  view  as  it  can  be  used  for  optical  switching  and  optical  power 
limiter  operations. 

From  device  application  perspective,  we  have  also  investigated  tkji^  films  of  the 
silicaiPi'U  composite  for  the  fabrication  of  two-dimensional  gratings.  Crossing  of 
two  femtosecond  pulses  at  602  nm  was  used  for  this  fabrication.  For  a  two 
dimens'  'ual  grating,  the  film  is  rotated  by  90*^  and  the  crossing  angle  is  changed. 

I'he  result  is  optical  recording  of  a  two  dimensional  grating  of  two  different 
periods.  Our  preliminary  investigation  indicates  that  the  grating  is  not  formed  by 
laser  ablation  but  is  a  result  of  intensity  dependent  two-photon  absorption  which 
induces  chemical  changes  in  the  polymer  pr'ecursor  and/or  produces  laser  dens  if icat ion 
of  tne  composite.  Figure  2  shows  the  diffraction  pattern  of  a  He-Ne  laser  beam  from 
the  grating.  It  clearly  exhibits  the  two  different  grating  spacing  in 
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Figure  2:  diffraction  pattern  fr-om  a  two-dimensional  gt'ating  fabricated  in  the 
silica;  film 

the  two  transverse  directions.  Such  composite  films,  therefor-e,  can  also  be  useful 
for  optical  r'ccording. 
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ABSTRACT 

The  sol-gel  process  is  a  solution  synthesis  technique  which  provides  a  low  temperature 

chemical  route  for  the  preparation  of  rigid  transparent  matrix  materials.  The  luminescent 

organic  dye  molecules,  rhodamine  6G  and  coumarin  540A  have  been  incorporated,  via  the 
sol-gel  method,  into  aluminosilicate  and  organically  modified  silicate  host  matrices. 
Synthesis,  laser  oscillation  and  photostability  for  these  systems  are  reported.  The 
improved  photostability  of  these  materials  with  respect  to  comparable  polymeric  host 

materials  is  discussed. 


1.  INTRODUCTION 


The  sol-gel  technique  offers  a  low  temperature  method  for  synthesizing  amorphous 

materials  which  arc  essentially  inorganic.  The  process  is  based  on  hydrolysis  and 
condensation  reactions  of  organomctallic  compounds  in  alcoholic  solutions.  The  most 
widely  investigated  system  involves  silica-based  glasses  which  arc  prepared  by 

polymerization  of  a  silicon  alkoxidc,  SifORlq.^-^ 

The  ability  to  synthesize  inorganic  polymers  using  sol-gel  processing  with  little  or 
no  heating  makes  it  possible  to  dope  these  gels  with  a  variety  of  organic  and 

organomctallic  'noieculcs.^' ’  *  Luminescent  molecules  have  been  widely  investigated  and 

it  is  evident  that  numerous  dyes  maintain  their  luminescent  properties  in  sol-gel 

m at ri CCS . 1 0  -phe  emission  properties  of  the  molecules  have  been  used  to  optically 

probe  sol-gel  chemistry 3-6,9  structure.'*’^  Another  active  area  for  organic  doped  sol- 

gel  glasses  is  to  use  dopants  to  induce  selected  optical  properties  and  to  synthesize  new 

optical  materials.  Among  the  properties  reported  to  date  arc  photochromism,' 2  nonlinear 
optical  effects  and  tunable  laser  action. *  ^  ^  The  latter  was  achieved  by 

incorporating  organic  laser  dyes  in  a  sol-gel  matrix  and  thus  represents  a  potentially 
important  direction  for  solid-state  laser  materials. 


Organic  laser  dyes  have  been  widely  reported  as  having  desirable  properties  for 

optical  gain  and  laser  applications.  Finding  suitable  host  materials  for  these  organics  is 
problematic  and.  in  the  case  of  laser  dyes,  devices  have  been  primarily  restricted  to  liquid 
state  applications  Ihcrc  are  a  number  of  devices,  however,  where  solid  state  gain  media 
would  be  quite  advantageous.  .Attempts  have  been  made  to  fabricate  solid  state  organic  dye 

materials  using  polymeric  hosts  such  as  poly  (methyl  methacrylate),  poly(carbonatc), 

poly(styrcnc )  and  polytvinyl  alcohol ^  ’  These  hosts,  how'cvcr,  have  been  shown  to  be 
inherently  lacking  in  mechanical  and  thermal  properties,  photostability,  and  refractive 
index  uniformity.  Inorganic  glasses,  on  the  other  hand,  Jo  possess  extremely  good  optical, 

thermal,  and  chemical  stability.  Unfortunately,  typical  melt  glasses  require  processing 
temperatures  which  would  cause  the  rapid  decomposition  of  most  organic  species. 
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Prior  studies  have  shown  that  laser  oscillation  can  be  obtained  in  organic  dye-doped 

oxide  matrices  synthesized  by  the  sol-gel  technique.  To  date  rhodamine,  coumarin  and 
perylene  dyes  have  been  lased  in  various  matrices  including  silica,  alumina, 

aluminosilicate,  organic  modified  silicates  (ORMOSIL)  and  sol-gel  composites.  ■  ‘ ^ 
Although  much  of  the  work  is  at  the  demonstration  stage,  some  extremely  promising 

results  have  been  reported;  optical  gain  of  40  cm'^,'^  slope  efficiency  in  the  range  ol  20% 

and  laser  thresholds  as  low  as  1  In  view  of  the  number  of  dyes  and  dopants  available, 

the  prospect  of  achieving  a  wide  range  of  sol-gel  based  tunable  solid  state  lasers  is  of 
substantial  interest  to  the  optical  materials  community. 

The  present  paper  reviews  our  recent  work  with  rhodamine  ind  coumarin  dyes  in 
aluminosilicate  and  ORMOSIL  hosts.  The  emphasis  of  the  studies  is  the  photodegradation 
characteristics  of  these  systems.  Although  earlier  work  indicated  that  sol-gel  matrices 
exhibited  good  photodecomposition  properties  because  of  matrix  isolation,^ 

photodegradation  under  laser  action  represents  a  more  rigorous  measurement  as  well  as  a 
more  relevant  one.  The  synthesis  and  laser  oscillation  characteristics  of  these  materials 
are  also  presented. 

2.  SYNTHESIS 

The  organically  modified  silicate  gels  were  synthesized  in  a  fashion  similar  to  the 
methods  described  previously. The  initial  precursor  solution  was  composed  of  a 
1:1: 1:3.5  molar  ratio  of  TMOS  /  methyl  methacrylate  (MM)  /  3-(trimethoxysilyl)  propyl 
methacrylate  (TMSPM)  /  0.04  N  HCl,  in  a  homogeneous  solution.  After  one  day  at  room 
temperature,  the  dye  was  dissolved  into  the  sol  and  the  solution  was  placed  into  acrylic 
cuvettes.  The  doped  ORMOSIL  was  kept  uncovered  at  room  temperature  for  about  3  days, 
until  approximately  one  half  of  the  initial  volume  had  evaporated.  Starting  dye 

concentrations  in  the  ORMOSIL  solutions  were  2.()xl0'^  and  5  xlO"^  moI/1  for  coumarin 
540 A  (C-540A)  and  rhodamine  6G  (R6G),  respectively.  After  this  composition  w'as  found  to 
produce  rhodamine-doped  materials  with  poor  gain, 2"*  the  composition  was  modified  with 
epoxy-silane.  In  this  case  the  starting  sol  consisted  of  a  3:1.5:3:1.5:3:16  molar  ratio  of  TMOS 
/  MM  /  ethylene  glycol  (EG)  /  TMSPM  /  3-glycidoxypropyl  trimcthoxysilanc  (GPTMS)  /  0.04 
N  HCl.  The  epoxy  functionalities  incorporated  into  ORMOSIL  gels  are  believed  to  form 
internal  diols  under  appropriate  hydrolytic  conditions.^ ^  Diols  such  as  ethylene  glycol 
are  known  to  have  good  solvation  properties  for  the  R6G  dye.“^  The  glycol  was  added  to  the 
composite  polymer  to  help  stabilize  the  monomeric  form  of  R6G  in  the  rigid  host  matrix. 

After  2  to  3  weeks  of  hydrolysis  and  aging,  the  gels  had  lost  approximately  50%  of 
their  initial  volume.  The  volume  change  arises  primarily  from  the  loss  of  methanol, 
which  is  a  product  of  the  organomctallic  hydrolysis  reaction.  These  samples  were  then 
removed  from  their  cuvettes  and  heated  to  55'C  for  an  additional  three  weeks  in  order  to 
remove  any  remaining  volatile  components  and/or  unreacted  monomer.  The  resulting 
monoliths  had  faces  which  were  nearly  plane  parallel,  having  good  surface  and  volume 
optical  quality.  .Absorption  measurements  indicated  that  scatter  in  the  dye-doped 
ORMO-SILs  was  approximately  2%  cnrC 

The  aluminosilicate  samples  were  prepared  by  slowly  adding  a  solution  of  10  ml  of 

isopropanol  and  5  ml  distilled  water  to  a  solution  containing  10  ml  of  the  alum  nosilicatc 

9 

precursor  diisobutoxyaluminoxytricthoxysilane  and  10  ml  of  isopropanol.  Th.-  coumarin 
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and  rhodamine  dyes  were  dissolved  in  the  isopropanol  beforehand.  The  sol  was  decanted 
into  polystyrene  cuvettes  and  sealed  with  wax  film.  Gelation  of  the  sol  was  complete  after 
=  3  days.  The  gels  were  allowed  to  age  in  the  scaled  cuvettes  for  one  week  after  gelation.  A 
small  hole  was  subsequently  pierced  in  the  film  to  allow  slow  evaporation  of  alcohol  and 
water.  When  the  gels  were  fully  dried  xcrogcls  (~4  weeks  after  drying  began)  the 
monoliths  were  removed  from  the  cuvettes  and  then  used  in  the  experiments  as  cast,  with 
no  polishing  or  surface  treatment. 


3.  EXPERIMENTAL 

The  range  of  optical  measurements  employed  in  characterizing  the  dye-doped  gels 
and  ORMOSILs  was  described  previously. The  most  commonly  used  techniques  are 
fluorescence,  optical  gain,  laser  oscillation  and  photostability.  In  the  laser  oscillation 
results  reported  here,  the  doped  xcrogcls  or  ORMOSILs  were  transversely  pumped  by  a  FL 
2001  Lambda  Physik  dye  laser  at  cither  540  nm  (for  R6G)  or  460  nm  (for  C-540A).  The  pump 
beam  was  focussed  to  a  line  with  a  cylindrical  lens  (f=  5  cm)  which  was  mounted  on  a 

translation  stage  to  allow  focussing  without  disturbing  the  alignment  of  the  pump  beam  on 

the  sample.  The  oscillation  cavity  consisted  of  a  90%  reflective  parabolic  mirror  (f=  25  cm) 
and  a  35%  reflective  planar  output  coupler.  The  output  of  the  laser  cavity  was  directed 
with  two  aluminum  mirrors  through  an  iris  onto  a  MgO  scatterplatc.  Collecting  optics 

brought  the  scattered  laser  beam  into  a  1/4  m  single  grating  monochromator.  The  free 
running  laser  output  spectrum  was  recorded  periodically  in  order  to  quantitatively 
determine  reduction  in  output  intensity  of  the  doped  gel  laser  materials  as  a  function  of 

the  number  of  pump  pulses.  The  repetition  rate  was  varied  from  1  Hz  to  25  Hz. 

4.  RESULTS 


4.1.  Aluminosilicate  gels 

The  spectra  for  the  rhodamine  6G  and  coumarin  540A  free  running  lasers  are 
shown  in  figures  1  and  2  as  a  function  of  the  number  of  pump  pulses.  In  both  cases,  free 
standing  monoliths  were  used  as  processed,  with  no  polishing.  The  output  for  the  R6G  is 
centered  at  about  570  nm,  and  the  bandwidth  is  approximately  5  nm.  The  laser  spectrum  is 
much  narrower  than  the  corresponding  fluorescence  spectra  for  this  system.'^  The 
bandwidth  is  typical  of  a  free  running  laser  which  runs  many  modes  simultaneously  due 

to  lack  of  a  wavelength  selective  grating  or  prism  in  the  cavity.  The  different  output 
wavelengths  of  the  modes  can  be  seen  in  the  spectra  as  the  variations  in  peak  shape;  the 
exact  mechanism  which  determines  the  relative  intensities  of  the  different  modes  is  not 

yet  known.  The  bandwidth  for  the  R6G  laser  stays  roughly  constant  with  increasing 
numbers  of  pump  pulses. 

The  spectrum  of  the  free  running  laser  for  coumarin  540A  doped  aluminosilicate 

xerogel  as  a  function  of  the  number  of  pump  pulses  is  shown  in  Figure  2.  The  output  is 
centered  at  about  557  nm  with  a  bandwidth  of  10  nm.  The  laser  spectrum  is  also  much 
narrower  than  the  fluorescence  spectra.’^  The  wavelength  maximum  blue-shifted  with 
increasing  numbers  of  pump  pulses.  The  maximum  of  the  spectrum  after  900  pulses  can  be 
seen  as  a  shoulder  on  the  spectrum  of  the  free  running  laser  after  600  pulses.  The 

bandwidth,  however,  stays  roughly  constant  with  increasing  numbers  of  pump  pulses. 
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TABLE  1. 


Spectral  output  of  aluminosilicate  and  ORMOSIL  laser  resonators 


Dye 

Matrix 

Pump  X 
(nm) 

Laser  Emission 
Peak  (nm) 

Osc.  Bandwith 
(FWHM  in  nm) 

Coumarin  540A 

ORMOSIL 

460 

525 

21 

Coumarin  540A 

Aluminosilicate 

460 

557 

10 

Rhodamine  6G 

ORMOSIL 

539 

568 

8 

Rhodamine  6G 

Aluminosilicate 

540 

570 

5 

The  intensity  of  the  laser  output  for  both  rhodamine  and  coumarin  samples 
decreases  with  the  total  number  of  pulses  which  have  pumped  the  sample.  The  rate  of  this 
decrease  varies  with  concentration,  pump  power,  and  pump  rate.  A  set  of  degradation 
plots  is  shown  in  Figure  3  for  the  R6G  samples.  A  continuously  decreasing  decay  rate 
which  could  not  be  fit  to  ai.  exponential  or  a  double  exponential  curve  was  observed  in  all 
experiments.  Samples  pumped  at  1  Hz  retained  50%  of  this  initial  output  intensity  after 
about  1500  pulses.  This  is  considerably  better  than  the  behavior  of  the  coumarin  lasers 
where  the  50%  level  for  the  initial  output  intensity  was  reached  after  only  about  300 
pulses. 


The  decay  rate  for  R6G  was  modestly  accelerated  by  increasing  the  pump  rate.  1200 
pulses  were  required  to  reduce  output  to  50%  at  10  Hz  whereas  800  were  required  at  25  Hz. 
The  best  R6G  sample  studied  exhibited  laser  action  even  after  40,000  pulses.  In  these 
studies  the  photodegradation  was  not  counteracted  by  changing  the  focal  point  of  the 
pump  beam  to  a  fresh  area  of  the  gel,  cither  by  translation  of  the  gel  or  beam  or  by 
refocussing.  It  is  important  to  note  that  full  output  could  be  regained  by  pumping  a  new 
region. 

4.2  Ormosils 

Broad  band  laser  oscillation  was  easily  obtained  in  all  of  the  dye-doped  ORMOSILs 
tested.  The  details  arc  summarized  in  Table  1  The  laser  emission  peak  for  the  C-540A 
samples  occurred  at  525  nm  with  an  oscillation  bandwith  of  21  nm  (FWHM)  while  the  laser 
emission  peak  for  R6G  was  observed  at  568  nm  with  a  bandwidth  of  8  nm.  The  coumarin- 
doped  samples  represented  the  only  materials  where  the  fluorescent  emission  spectrum 
had  a  bandwidth  (495  to  575  nm,  FWHM)  which  closely  corresponded  to  the  overall  width 
and  specific  oscillation  wavelengths  of  the  free-running  laser  (498  to  574  nm).  The 
oscillation  bandwidths  for  rhodamine  doped  ORMOSILs  were  found  to  be  substantially 
narrower  than  the  coumarins.  In  this  case  the  fluorescence  band  for  R6G  doped  ORMOSIL 
had  a  FWHM  bandwidth  of  55nm  (541  to  596  nm)  that  was  considerably  larger  than  the 
detectable  oscillation  range  for  these  materials  (41  nm,  from  557  to  598  nm). 
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Figure  4  shows  the  decrease  in  laser  output  intensity  of  the  rhodamine  and 
coumarin  doped  ORMOSILs  as  a  function  of  the  number  of  laser  pump  pulses.  It  can  be 
seen  that  both  materials  could  be  pulsed  for  more  than  3()()()  shots,  corresponding  to  a 

reduction  of  emission  by  about  a  factor  of  4.  Although  there  was  a  decrease  in  emission 
intensity,  the  spectral  laser  emission  characteristics  of  the  doped  ORMOSILs  were 

unchanged  by  the  large  number  of  laser  pulses,  as  was  ob.scrved  with  the  aluminosilicate 
materials  (see  Figs.  1  and  2).  It  is  interesting  to  note  that  the  coumarin  doped  gel  appears 
to  have  a  double  exponential  decay  plot. 

5.  DISCUSSION 

The  results  clearly  demonstrate  the  ability  of  aluminosilicate  gels  to  support  laser 
action.  Although  optical  gain  was  not  measured,  the  gain  values  are  apparently  in  the 
range  observed  for  alcoholic  solutions  as  laser  action  was  achieved  using  as-formed 
samples  without  any  polishing.  Xcrogels  contain  no  residual  liquid,  however,  solvents  are 
known  to  be  left  adsorbed  on  the  pore  walls. Narrowing  of  the  laser  oscillation  band  as 

compared  to  the  luminescence  spectrum  was  observed  with  both  R6G  and  C-540A  dyes.  The 
effect  may  be  the  result  of  dyc/matrix  interactions  and  attachment  of  the  molecules  to 

pore  walls.  In  addition,  the  free  running  laser  spectrum  of  C-540A  is  red  shifted  with 
respect  to  the  luminescence  spectrum.  This  behavior  is  similar  to  that  of  coumarins  in 

silica  matrices  where  the  red  shift  is  a.ssociated  with  greater  solvent  polarity  of  siloxane 
groups  and  silanols  as  compared  to  the  initial  sol. 24 

The  laser  behavior  exhibited  by  ORMOSILs  underscores  the  chemical  variability 
available  with  this  synthesis  method.  The  methacrylate  modified  silica  gel  used  with  C- 
540A  is  clearly  an  excellent  host.  Large  values  for  optical  gain  have  been  measured  and 
laser  oscillation  was  obtained  over  a  wide  spectral  range. In  contrast  this  matrix  leads  to 
dimer  formation  with  R6G  and  correspondingly  poor  optical  properties. 24  The  ORMOSIL 
approach,  however,  enables  the  silica  gel  matrix  to  be  suitably  modified  so  that  an 
environment  favorable  to  R6G  is  created.  Specifically,  epoxy  functionalities  were  utilized 
to  form  interal  diols.  Diol  solvation  within  the  matrix  tends  to  support  the  monomeric 
molecular  form  of  R6G.  The  success  of  this  approach  is  evident  by  the  fact  that  laser 

oscillation  was  readily  obtained.  Although  the  R6G  doped  ORMOSILs  did  not  perform  with 

the  laser  bandwidth  exhibited  in  the  C-540A  material,  the  prospects  for  optimizing  the 

ORMOSIL  composition  to  obtain  a  more  suitable  matrix  are  excellent. 

One  of  the  most  important  issues  to  be  considered  for  laser  materials  prepared  by 
the  sol-gel  technique  is  the  photostability  of  thc.se  materials.  Laser  characteristics  of  dye- 
doped  PMMA  and  many  other  doped  polymers  have  been  examined  extensively  and 
represent  an  appropriate  basis  for  comparison.  Although  laser  oscillation  was  obtained  in 
many  cases,  poor  photostability  limited  the  ultimate  usefulness  of  polymeric  laser  hosts. 
Itoh  et,  al.  reported  optical  gain  of  several  coumarin  dyes  in  PMMA. 211  Using  a  nitrogen 
laser  pump  source  (.3.37  nrn)  the  best  of  the  dyes  reported  could  be  used  to  several  hundred 
oscillatory  pulses,  while  other  coumarin  dyes  could  not  be  made  to  oscillate  for  as  many  as 
100  pulses.  More  recently,  Gromov  ct.  al.  reported  on  the  photodegradation  of  modified 
polytmethyl  methacrylate).  MPMMA.  doped  with  rhodamine  6G  and  other  selected  dyes.*^ 
They  showed  that  ROG  exhibited  phoiobicaching  (loss  of  20%  output)  after  180  pump  pul.scs 
(lJ/cm2)  at  5.32  nm.  Their  data  indicated  that  R6G  doped  MPMMA  laser  materials  would 
have  dropped  by  90%  after  some  300  pulses,  due  to  rapid  steady-slate  pholodegradation 
once  the  pulse  count  exceeded  the  critical  pulse  number,  Nt:r. 
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The  photostability  of  sol-gel  .aser  materials  is  just  beginning  to  be  explored.  The 
R6G  doped  aluminosilicate  xerogel  laser  material  compares  favorably  to  that  of  R6G  in 
other  matrices.  A  reduction  of  output  pulse  energy  to  50%  of  its  initial  value  occurs  after 

about  1500  pulses  at  IHz,  and  a  reduction  to  10%  would  require  more  than  4000  pulses. 

These  values  are  comparable  to  those  of  R6G  in  ORMOSILS  which  were  reduced  by  a  factor 
of  4  after  3000  pulses.  Extrapolation  of  the  decay  curve  (Fig.  4)  indicates  that  the  R6G 

doped  ORMOSIL  gel  would  have  undergone  a  90%  reduction  in  emission  intensity  after 
approximately  5300  laser  pulses.  This  represents  a  useful  lifetime  improvement  by  a  factor 
of  more  than  15  with  respect  to  results  with  MPMMA.  In  other  sol-gel  results,  an  R6G- 
doped  alumina  thin  film  required  about  600  pump  pulses  to  reduce  the  laser  emission  to 

50%  of  its  initial  value. 

Coumarin  540A  is  substantially  more  stable  in  the  ORMOSIL  host  than  in  the 

aluminosilicate  xerogel.  The  double  exponential  decay  plot  (Figure  4)  seems  beneficial  as 
the  laser  emission  was  reduced  by  a  factor  of  6  after  absorption  of  more  than  6000  pulses  of 
500  MW/cm-^.  This  represents  an  apparent  improvement  for  doped  ORMOSIL  gels  of  some 
10  to  100  times  as  compared  to  coumarin  doped  PMMA  described  by  Itoh  et.  al.^^  In 

contrast,  the  photostability  of  C-540A  in  the  aluminosilicate  matrix  is  considerably  poorer 

than  that  of  R6G.  In  this  case,  the  50%  laser  intensity  level  was  reached  within  300  pulses, 

although  laser  action  was  still  detected  after  1500  pulses. 

The  high  photostabil  ity  of  the  dye-doped  ORMOSIL  laser  materials  and  the 

R6G/aluminosilicatc  system  is  probably  due  to  the  isolation  of  the  active  species.  The  main 
decomposition  pathway  in  solution  is  through  reaction  of  the  solvent  with  the  triplet 

state. By  isolating  the  molecules  within  the  inert  matrix,  their  active  life  is  extended.^ 

These  isolated  molecules  would  be,  presumably,  less  likely  to  have  their  emission  quenched 
because  the  concentration  of  deactivating  species  in  their  local  environment  is  small.  It  is 
interesting  to  note  that  the  R6G  in  either  the  ORMOSIL  or  the  aluminosilicate  xerogel 

exhibits  similar  photostability  characteristics,  while  C-540A  is  substantially  different  in 

the  two  matrices.  Isolation  effects  arc  likely  to  be  highly  specific  to  dye/matrix 
interactions.  Finally,  recent  work  in  our  laboratories  indicates  that  the  photostability  of 

rhodaminc  B  when  pumped  at  337  nm  is  greater  than  that  of  the  reference  alcoholic 

solution,  “  ^ 

The  ability  for  R6G  to  sustain  laser  action  for  extended  periods  of  time  deserves 
additional  consideration.  It  is  probable  that  high  concentrations  (IxlO'^  M)  arc  required 
to  obtain  laser  action  because  only  a  small  portion  of  the  laser  dye  is  completely 
surrounded  by  the  oxide  matrix.  The  condensation  and  polymerization  mechanisms 

involved  in  the  std-gel  process  would  allow  most  of  the  dye  to  remain  in  solution  as  the 
small  alumina  particles  formed,  leaving  large  amounts  of  the  R6G  adsorbed  on  the  walls  of 
the  pores  and  channels  in  the  crosslinking  and  drying  gel.  These  non-cncapsulated  dye 
species  may  not  have  the  enhanced  photosiability  of  the  microencapsulated  molecules,  and 
emission  from  them  could  fade  quickly  while  the  encapsulated  dyes  would  continue  to  be 

active.  This  explanation  accounts  for  the  rapid  decay  within  the  first  several  hundred 

pulses  followed  by  the  much  slower  decreases  observed  in  the  pholostability  curves  shown 

in  figure  3.  The  encapsulated  molecules  give  the  R6G  aluminosilicate  xerogel  its  lasting 
luminescent  component  which  enables  the  laser  to  remain  active  after  40, ()()()  pulses 
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Figure  1.  vSpectnim  of  the  free  running  laser  of  R6Ci  (1  x  10"^  M)  in  an  aluminosilicate  matrix  as  a  function  of  the 
number  of  pump  laser  (540  nm)  pulses.  From  top  to  bottom  the  spectra  were  obtained  after  60,  900, 
1950,  2700,  3600,  and  4500  pulses. 


Figure  2.  Spectrum  of  the  laser  output  of  coumarin  540A  in  an  aluminosilicate  xcrogcl  pumped  at  460  nm.  In 
order  of  decreasing  intensity,  they  were  taken  after  600, 900,  1200,  and  1500  pump  pulses. 
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Sol-gel  glass  solid  state  lasers  doped  with  organic  molecules 
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University  of  Manchester,  Manchester.  M13  9PL. 

United  Kingdom 
Abstract 

When  doped  with  organic  dye  laser  molecules,  porous  sol-gel  prepared  silica 
constitutes  a  solid  state  dye  laser  medium.  In  this  study  such  media  have 
been  shown  to  exhibit  laser  action  using:  (a)  a  krypton  fluoride,  249nm, 
laser  pump  producing  nano-second  laser  pulses  and,  (b)  a  coumarin  504 
(507nm)  pump  producing  microsecond  laser  pulses.  The  lasing  thresholds  were 
measured  as  140kW/mm^  and  l.SkW/mm^  respectively,  with  lifetimes  of  10-20 
and  50-100  shots  respectively. 

2.  Introduction 

Organic  molecule  solutions  provide  a  reasonably  efficient  and  broadly 
tunable  range  of  intense  laser  sources,  (figure  1),  with  some  limitation  of 
convenience  and  flexibility  in  use  because  of  their  liquid  medium.  Many  of 
the  dyes  in  the  visible  region  possess  high  quantum  yields  of  fluorescence, 
absorption  and  emission.  However,  the  full  potential  of  the  lasing  dye 
media  cannot  be  realised  because  the  liquid  host  adversely  affects  many 
thermodynamic,  spectroscopic  and  kinetic  properties  of  the  dye.  These 
include  non-radiative  quenching  of  upper  lasing  levels,  spectral  shifts  and 
thermal  instability.  The  use  of  a  solid  matrix  may  be  expected  to  enhance 
the  lasing  properties  of  organic  dyes,  reducing  thermal  restrictions, 
impurity  quenching,  dimerisation  and  the  affects  of  photodegrading 
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impurities.  The  use  of  a  solid  dye  matrix  greatly  increases  the  handling 
convenience  by  reducing  laser  complexity  and  removing  the  need  for  pumps, 
pipes  and  reservoirs.  The  method  of  doping  sol-gels  used  here  involves 
adsorbing  dye  molecules  onto  pore  surfaces;  this  results  in  the  production 
of  a  uniformly  distributed  {visually  inspected  by  a  scanned  laser  beam)  dye 
dispersed  within  the  sol-gel  sample.  Since  this  method  involves  doping 
after  the  sol-gel  medium  has  been  formed  it  can  be  referred  to  as 
"post-doping."  The  advantage  of  this  method  is  that  samples  can  be 
partially  densified  to  intermediate  but  high  temperatures  thus  increasing 
their  physical  strength  and  optical  quality  whilst  retaining  relatively 
large  specific  surface  areas.  Provision  of  solid  state  media  for  dyes  has 
been  accomplished  elsewhere  by  incorporating  dye  molecules  within  the 
hydrolysis  and  condensation  sequence  of  Si(OCH3)4'  ^  .  The  resulting 
gel  is  then  dried  for  a  few  days  at  60°C.  The  dye  is  thus  uniformly 
embedded  in  the  resulting  silica  matrix.  The  fluorescence  properties  of  dye 
molecules  in  the  sol-gel  matrix  have  been  described^  where  it  was  shown  that 
the  concentration  of  rhodamine  6G  dimers  within  a  sol-gel  matrix  was  found 
to  be  negligible  when  compared  with  the  concentration  in  solution.  Laser 
action  of  such  ’predoped’  samples  using  different  dyes  has  been  reported  on 
nanosecond  timescales  ^ 

3.  Experimental 

Recent  advances  in  sol-gel  processing  ***^have  made  it  possible  to  produce 

an  optically  transparent,  amorphous  and  monolithic  silica  with 
formation  temperatures  around  room  temperature.  Such  sol-gel  prepared 

4 

silica  samples  have  a  microporous  structure  on  a  nanometer  scale  and 
contain  hundreds  of  square  meters  of  surface  per  gram  of  silica.  Heating  to 
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1150  °C  fully  densifies  the  silica  while  heating  to  an  intermediate 
temperature  partially  densifies  the  material.  Monolithic  sol-gel  samples, 
supplied  by  Geltech  Inc.,  in  disc  form,  and  densified  to  various 
temperatures  were  doped  with  rhodamine  6G  by  immersion  in  a  solution  of 
rhodamine  6G  in  methanol.  After  doping  for  48  hours,  samples  were  removed 
and  left  to  dry  in  a  temperature  controlled  environment  at  2°C.  This 
reduces  the  vapour  pressure  of  the  methanol  solvent  as  it  evaporates  since 
it  has  been  shown  that  vapour  pressures  in  excess  of  20  Torr  can  lead  to 
catastrophic  cracking  of  samples.  Samples  were  left  in  this  environment  for 
one  week  or  longer.  Table  1  lists  the  various  dopant  concentrations  and 
samples  used.  This  method  of  doping  sol-gels  which  essentially  involves 
adsorbing  dye  molecules  onto  pure  surfaces,  results  in  the  production  of  a 
uniformly  distributed  (to  the  eye)  dye  dispersed  within  the  sol-gel  sample. 


SAMPLE  NUMBER 

. 

DENSIFICATION 

TEMPERATURE/OC 

DYE  DOPANT 

CONCENTRATION/M 

1 

700 

“I"' 

1 

1 

1 

1 

1 

1 

t 

1 

1 

o 

1 

1 

1 

1 

t 

I 

400 

2x10--’ 

3 

850 

i 

2x10-'’  ! 

4 

1 

500 

5x10--’  1 

! 

i 

i  5 

_ 

850 

5x10-’ 

TABLE  1:  SA,MPLE  PREPARATION 


SPIE  Vo!  1 328  Sol- Gel  Optics  1 1 990)  1 85 


4 .Laser  studies 


Optical  pumping  of  rhodamine  6G  molecules  was  provided  for  using  two 
different  laser  pumps.  Initially  a  krypton  fluoride  excimer  laser  was  used, 
emitting  a  7ns  pulse  at  249  nm  with  up  to  200mJ  of  energy  per  pulse.  Later 
work  has  used  a  coumarin  504  flashlamp  pumped  dye  laser  emitting  light  at 
507nm  in  a  pulse  3.7/Js  long  and  giving  up  to  1  J  per  shot.  By  using  a 
cylindrical  lens  (as  shown  in  figure  2)  a  ’strip’  of  doped  sol-gel  could  be 
transversely  pumped.  A  laser  cavity  was  formed  by  placing  a  high  reflecting 
mirror  and  a  807o  output  mirror  coupler  on  either  side  of  the  excited  region. 
A  helium-neon  laser  was  used  to  align  the  cavity.  The  sample  could  be 
rotated  within  the  cavity  and  was  mounted  on  an  x-y  stage  so  as  to  enable 
fresh  areas  of  dye  to  be  pumped.  Spectral  profiles  were  measured  with  an 
EG&G  optical  multichannel  analyser  (OMA)  and  temporally  with  an  appropriate 
photodiode  (or  a  transient  digitiser  for  excimer  laser  work).  Sample  1  was 

used  with  the  KrF  laser  and  the  remaining  samples  were  used  with  the 

coumarin  504  laser. 

•  5.  Results 

Figure  3  shows  the  temporal  profiles  of  the  lasing  and  fluorescence  pulses 
of  sample  1  under  excitation  by  the  KrF  laser.  The  profiles  of  the  KrF 

laser  excitation  pulse  and  laser  emission  from  a  cuvette  of  R6G  in  methanol 
are  shown  for  comparison.  The  profiles  clearly  show  laser  action  in  sample 
1  and  the  spectral  line  profiles  is  shown  in  figure  4.  Each  track  of  dye 

exhibited  laser  action  3  or  4  times  before  undergoing  photodissociation 
under  excitation  from  the  249nm  UV  excitation.  The  disc  was  then  rotated  to 
expose  fresh  dye.  By  increasing  the  energy  of  the  pump  beam  until  a  lasing 
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pulse  was  observed  the  lasing  threshold  was  measured  as  140kW/mm  . 

Samples  2-5  were  pumped  with  the  coumarin  504  laser,  which  emits  lower 
energy  photons  and  so  is  less  likely  to  photodegrade  dye  molecules.  Figures 
5  and  6  are  the  spectral  and  temporal  profiles  of  sample  5  clearly  showing  a 
broadband  laser  pulse  centred  on  577nm  and  a  pulse  length  of  l.Sps.  Sample 
5  gave  up  to  10  shots  on  each  track  before  having  to  be  rotated  to  expose 
fresh  dye,  whereas  other  samples  only  gave  2  or  3  shots.  The  lasing 

3 

threshold  was  measured  as  1.8  kW/mm  .  The  degree  of  dimer isation  was 
assessed  by  measuring  the  absorbance  curves  of  samples  and  comparing  with  a 
5  X  10  ^  M  R6G  in  methanol  solution.  The  shoulder  just  below  500  nm  in 

figure.  7  a  is  a  result  of  dimers  in  the  solution  and  is  absent  in  the 
absorbance  profile  of  sample  5  as  shewn  in  figure  7b. 

6. Conclusion 

Lasing  action  of  rhodamine  6G  doped  sol-gel  prepared  silica,  has  been 
demonstrated  on  both  a  nanosecond  and  microsecond  timescale.  This  report  is 
the  first  on  the  longer  time  microsecond  laser  emission  from  sol-gel  glass 
doped  with  an  organic  molecule.  From  the  range  of  samples  used  we  can  say 
that  higher  ten.perature  densified  discs  (up  to  850°C)  are  easier  to  dope 
without  sample  cracking  and  produce  more  stable  and  longer  lasting  lasing 

-4 

media,  higher  concentrations  (5  x  10  M)  dopant  solution  also  produce  longer 
lifetime  discs.  Low  temperature  (400°C)  densified  sol-gels  are 

unsatisfactory  because  of  their  sensitivity  to  temperature  and  humidity 
fluctuations.  Laser  excitation  with  the  coumarin  504  laser  required  a  lower 
energy  threshold  than  the  krypton  fluoride  laser  as  the  former  excites 
electrons  directly  into  the  SI  upper  lasing  band.  The  krypton  fluoride 
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laser  excites  electrons  into  the  S2  band,  some  of  which  then  relax  into  the 


SI  band,  and  hence  is  an  inherently  less  efficient  mechanism.  The 
absorbance  spectra  show  that  dye  molecules  are  essentially  isolated  within 
the  sol-gel  matrix  and  are  immobile  since  attempts  to  leach  out  the  dye 
molecules  fail.  The  success  of  producing  microsecond  laser  pulses  indicates 
the  feasibility  of  a  flashlamp  excited  dye-doped  sol-gel  glass  laser, 
utilising  rod  or  waveguide  slab  geometries. 
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Figure  1 


a)  Dye  molecule  energy  levels 

b)  Tuning  range  of  commonly  available  dy 
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(source:  Exciton  Inc.) 


sol  gel  0.0:  25mm 


cylindrical  silica  lens 


Figure  2:  Pumping  geometry,  either  7ns  249nm  KrF  laser 
or  3.1  fiS  coumarin  504  laser. 


Figure  3:  Temporal  profiles  of  sample  1,  R6G  in  methanol  and  krypton  flouride 
excimer  laser  excitation. 
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Figure  4:  Spectral  line  profile  of  lasing  pulse  for  sample  1. 

KrF  laser  excitation;  peak  emission  560nm,  fwhm  4nm. 
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Figure  5:  Spectral  line  profile  of  lasing  pulse  for  sample  5. 

coumarin  504  excitation;  peak  emission  577nm,  fwhm  18nm 
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Figure  6:  Temporal  lasing  pulse  profile  for  sample  5 
coumarin  504  excitation,  fwhm  1.8/is. 


Figure  7:  Absorbance  curves;  a) - undoped  sol-gel. 

-  5x10"5  molar  rhodamine  6G  in  methanol 

b)  sample  5 
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TRANSPARENrr  GEL  AND  XEROGEL  OF  THORIUM  PHOSPHATE  : 
OPTICAL  SPECTROSCOPY  WITH  ;  Nd3+,  Er3+,  Eu3+,  Cr3+  AND  RHODAMINE  6G. 
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Instilut  de  Physique  Nucicairc,  Groupc  dc  Radiochimic,  Universite  dc  Paris-Sud 
B.P.  N°  1, 91406  Orsay  Cedex  (France) 


ABSTRACT 

Chemical  conditions  for  thorium  phosphate  gel  preparation  have  been  determined.  The  transparency  is  of  good  optical 
quality  and  the  gel  is  very  stable  for  a  long  time.  Under  drying  condition,  this  gel  can  give  rise  to  the  xcrogcl  which  is  still 
transparent.  We  can  also  prepare  this  xerogel  by  simple  evaporation  at  room  temperature  of  a  very  concenuated  solution  of 
thorium  phosphate.  From  this  viscous  medium,  the  xerogel  can  be  obtained  in  various  kinds  of  shapes  :  threads,  slabs  and 
blocks.  Solidification  time  depends  on  the  final  volume  desired  and  spreads  from  few  minutes  to  several  weeks.  Absorption 
spectrum  of  pure  gel  and  xerogel  have  been  recorded.  Gel  and  xerogel  doped  with  very  well  known  probes  like  Nd^'*'  and  Er^"*" 
were  examined  to  compare  their  optical  properties  with  aqueous  medium  of  the  same  chemical  composition.  Eu^'*'  dopted  gel 
tuid  xerogel  were  also  studied  using  their  fluorescence  properties. 

The  optical  properties  of  Cr^"'"  in  doped  gel  and  xerogel  allowed  us  to  determine  the  kinetics  of  hydration  sphere 
modification  during  the  drying  period.  Finally,  as  xerogel  synthesis  takes  place  at  room  temperature,  fragile  organic  dye  can 
be  used  as  dopant,  .so  Rhodamine  6G  absorption  and  emission  spectra  have  been  studied  in  these  conditions.Whcn,  at  that 
time,  the  xcrogcl  is  doped  with  Coumarin  460  and  Tb^^,  an  energy  transfer  is  observed  between  dye  and  Tb^'*'  ions,  which 
contributes  to  enhance  the  fluorescence  of  Tb^'*'  ions.  Eu^'*'  behaves  similarly. 

In  conclusion,  gel  and  xerogel  of  thorium  phosphate  tested  with  usual  probes  su^'h  as  3d,  4f  ions  and  dyes  seem  to  be 
very  promissing  matrices. 


1.  INTRODUCTION 

Most  of  spectroscopic  data  related  to  doping  ions  have  been  obtained  in  matrices  such  as  glasses,  polycrystals  and 
single  crystals.  Very  few  results  were  done  in  gels  and  xcrogels,  the  main  reason  jcing  opacity  of  these  materials.  Among  a 
lot  of  thorium  compwunds,  we  found  that  phosphate  gel  and  xcrogcl  were  tran.sparcnt'  and  were  very  convenient  matrices  for 
spectroscopic  studies  in  UV,  visible  and  near  infra-red  region.s.  We  specially  investigated  the  pure  material  freshly  prepared 
and  we  examined  its  evolution  during  thermal  treaunents.  We  studied  dryness  behaviour  of  thorium  phosphate  gel  and  xcrogcl 
by  DTA,  TGA,  NMR  and  IR  spectroscopy.  We  al.so  u.scd  doped  gels  and  xcrogels  with  uranyl  ions  where  luminescence  of 

UO^^  was  followed  as  samples  were  dried^.  From  thc.se  results,  the  best  conditions  of  gel  and  xcrogcl  preparations  were 

determined  and  we  were  able  to  begin  spectroscopy  studies  of  doped  materials. 

2.  SYNTHESES  OF  THORIUM  PHOSPHATE  GEL  AND  XEROGEL. 


2.1.  Gel  of  thorium  ohosnhatc. 

This  gel  can  be  obtained  from  any  kind  of  soluble  thorium  salts,  but  we  mostly  used  thorium  chloride  prepared  in  the 
laboratory^.  When  we  mixed  a  0.1  M  ThCla  aqueous  solution  at  pH  =  0.5  (adjusted  with  HCl)  with  a  0.1  M  solution  of 
orthophosphoric  acid,  transparent  gel  is  formed  in  few  minutes.  Gelation  time  depends  on  concentration  of  both  reactants,  and 
on  final  pH  of  the  solutions.  It  can  reach  several  days  for  low  concentration  of  thorium  and  phosphate  ions  in  acid  medium. 
The  ratio  r  =  thorium/phosphate  expressed  in  molar  concentrations  were  chosen  equal  to  3/4  or  I/l.  The  former  value 
corresponds  to  the  stoichiometry  of  thorium  orthophosphate,  the  later  was  fixed  arbitrarily.  If  the  gel  is  not  kept  in  a  closed 
vessel,  it  spontaneously  loses  weight  at  room  temperature.  After  few  weeks,  the  weight  lo.ss  is  about  95  %  and  we  observe  a 
correlated  decreasing  of  the  volume  of  the  order  of  20.  The  gel  phase  disappears  and  is  replaced  by  a  liquid  phase.  This 
concentrated  solution  still  keeps  on  evaporation  and  leads  to  a  solid  phase  that  we  call  xcrogcl.  Different  steps  concerning 
dryness  at  room  temperature  are  shown  on  the  following  scheme  :  ^  ^  ^  ^  ^  ^ 
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The  s,  me  process  can  be  obtained  faster  at  higher  temperature  to  get  thin  films,  but  never  over  50°  C  to  preserve  the 
transparency  of  the  xcrogel. 

2.2.  Xeroeel  of  thorium  phosphate. 


The  xcrogel  can  be  directly  prepared  from  concentfated  solution  equivalent  to  the  'iquid  phase  previously  observed  in 
the  gel  dryness  scheme.  This  solution  is  made  by  mixing  ThClq,  8  H2O  and  H3PO4  15  M  in  saturated  conditions.  We 
observe  that  gaseous  HCl  evolves  from  this  viscous  solution,  and  if  we  let  evaporation  go  on,  we  finally  obtain  a  transparent 
thorium  phosphate  xerogcl  in  a  solid  state.  From  this  hyperconcentrated  and  syrupy  medium,  various  shapes  of  xcrogcls  can 
be  syniltcti/.cd  :  threads,  films,  blocks.  The  solidification  time  is  as  long  as  the  needed  volume  is  important.  For  example,  a 
cubic  centimeter  volume  of  xerogel  is  prepared  in  about  one  week  and  a  film  of  few  tenths  of  microns  in  few  minutes. 


To  get  doped  gel  and  xerogel,  doping  ions  are  added  cither  in  thorium  chloride  solution  or  phosphoric  acid  before 
mixing.  We  mainly  used  chloride  salt  as  dopant. 

3.  OPTICAL  WINDOW  TRANSPARENCY  OF  PURE  MATER1A1..S. 


3.1.  (iel  of  thorium  pho.sphate. 

Gel  is  made  of  a  mixing  of  diluted  thorium  chloride 
and  phosphoric  acid  solutions,  thus  its  absorption 
.spectrum  is  in  good  agreement  with  the  gel  composition, 
that  is  to  .say  :  98  %  of  water  amount.  So,  the  absorption 
in  UV  is  due  to  water  and  chloride  ions.  The  limit  of 
u-ansparcncy  in  infrared  is  comparable  to  that  observed  in 
pure  water  with  a  broad  absorption  peak  at  970  nm. 

3.2.  Xcrogel  of  thorium  nhosohaie. 

We  have  shown  in  Fig.  1  a  typical  absorption 
spectrum  of  a  2  mm  sample  thickness  recorded  with  a  Cary 
17.  Optical  window  of  xcrogel  is  wider  than  that  of  the  gel 
according  to  the  less  amount  of  water.  In  the  UV  domain, 
absorption  band  of  chloride  ions  around  262  nm  is  clearly 
seen,  and  the  absorption  front  in  the  near  infra-red  is  shifted 
up  to  1350  nm  if  we  consider  that  weak  bands  at  980  nm 
and  IISO  nm  are  not  enough  intense  to  prevent 
spectroscopic  studies  in  this  domain.  The  presence  of  band 
absorption  in  this  infra-red  region  is  due  to  overtones  and 
band  combinations  of  vibration  modes  of  the  remaining 
water. 


\  ;  n  .-n  ) 


Fig.  1  -  Absorption  spccua  of  pure  thorium  phosphate 
xcrogel  (thickness  2  mm)  : 

A  -  Absorbance  scale  from  0  to  1 . 

B  -  Absorbance  scale  from  0  to  4, 
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The  high  level  background,  with  an  average  absorbance  of  0.2  in  the  visible  part,  could  be  readily  improved  with  a 
well  polished  material. 

By  cooling  down,  the  gel  at  77  K  transparency  is  lost  and  the  gel  becomes  opaque,  while  the  xerogel  is  still 
transparent  at  4  K  which  allows  to  set  up  spectroscopy  studies  at  low  temperature. 

4.  ABSORPTION  SPECTRUM  OF  Nd3+  AND  Er3+. 


Nd^'*'  and  Er^'*’  ions  have  been  chosen  taking  into  account  that  their  absorption  spectra  are  very  well  known  and  so, 
these  ions  can  be  used  as  local  probes  to  test  the  host  quality  of  the  material.  We  sjtecifically  check  rare  earth  behaviour 
through  the  '^19/2  -  ^67/2  transition  of  Nd^"*"  at  575  nm  and  for  Er^+  through  the  pure  transition  '*li5/2  -  "^Gii/2  located  at 
379  nm. 

4.1.  Gels  doped  with  Nd^'*~and  Er^'*'. 


We  observed  no  differences  between  absorption  spectra  of  Nd^^  and  Er^"''  in  gel  of  thorium  phosphate  compared  to 
tliose  ol  the  .same  ions  in  aqueous  solutions  of  identical  chemical  composition,  that  means  the  same  pH  and  the  same  H3PO4 
concentration.  All  measurements  were  performed  with  10"^  M  for  the  rare  earth  concentration. 


4.2.  Xerogcls  doped  with  Nd^"*"  and  Er^'*'. 

Their  absorption  spectra  are  shown  in  Fig.  2  and  3.  They  look  differently  from  those  of  corresponding  gel  and 
solution.  For  Nd^'*'  ions,  the  maximum  of  the  absorption  band  is  shifted  towards  low  energy  region  and  a  fine  structure 
composed  of  feur  peaks  at  least  appears.  The  spectrum  of  Er^"*"  ions  is  still  made  of  an  unique  line  whose  energy  is  increasing 
a  little.  The  splitting  of  Nd^'*'  band  and  the  energy  shift  for  both  ions  are  interpreted  as  local  crystal  fields  in  the  xerogel, 
associated  to  a  lowering  of  the  symmetry  around  Nd^'*'  and  Er3‘''ions.  Phosphate  ions  exist  at  high  concentration  in  the 
xerogel  and  could  be  introduced  by  complexation  through  the  hydration  sphere  of  the  lanthanide  ions  with  a  modification  of 
the  symmetry  site. 


Fig.  2  -  Absorption  spectra  of  Nd^"*"  : 

—  aqueous  solution  and  "nitrate”  gel, 

—  "niU’ate"  xerogel 


CD  C-> 
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Fig.  3  ^  Absorption  .spectra  of  Er^'^  in  : 

—  aqueous  solution  and  "nitrate"  gel, 

—  "nitrate"  xerogel. 
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*)■  F.Ml.SSION  SPECTRA  OF  Fi|3+  ■ 


Gels  and  xerogel  were  doped  with  emission  and  lifetime  were  measured.  As  these  results  will  appear  soon'',  we 
just  like  to  mention  that  a  very  weak  emission  has  been  obtained  in  gel  with  10'^  M  europium  ion  concentration,  but 
xerogel  in  the  same  conditions  shows  a  fluorescence  comparable  with  those  observed  in  glasses  and  crystals. 

6.  DRYING  KINETICS  STUDY  WITH  Cr3+. 


We  previously  noticed  a  "solid  state"  effect  when  compared  absorption  sjxxtra  of  Nd^"*"  and  Er^"^  in  gel  and  in  xerogel. 
It  is  well  known  that  3d  elements  are  much  more  sensitive  to  crystal  fields  than  lanthanides.  So  we  chose  to  study  the 
modification  of  Cr3+  absorption  spectrum  (at  10'^  M)  during  transformation  of  gel  into  xerogel  under  drying  conditions. 
This  spectrum  is  made  of  two  very  broad  bands  located  around  440  and  630  nm.  Furthermore,  the  behaviour  of  Cr3+  in 
aqueous  solution  and  crystal  compounds  are  quite  understood  and  bring  us  a  qualitative  support  to  interpret  what  we  observed 
in  gel  and  xerogel. 

All  along  this  study,  we  used  a  chromium  compound  corresponding  to  the  formula  :  Bis-chloro-tetraaquo  chrome  (111) 
chloride  dihydrate,  that  is  to  say  :  [Cr(H20)4Cl2]  Cl,  2  H2O.  Aqueous  solution  of  this  salt  gives  immediately,  after 
dissolution,  chemical  species  characteristic  of  the  complex  cation  :  [Cr(H20)4Cl2]'''.  This  cation  structure  changes  as  the 
time  goes  by  and,  after  24  hours,  we  get  an  hexaaquo  chrome  (Ill)  ion  with  an  octahedral  symmetry.  Both  ions  are  shown 
below  ; 


Ci  H^O 


This  modification  of  hydration  sphere  of  chromium 
ions  is  easily  seen  in  Fig.  4.  Maximum  of  the  two  main 
peaks  varies  with  time  and  are  shifted  to  the  blue.  As  the 
structure  of  the  ion  changes,  the  symmetry  and  the  crystal 
field  change.  For  chromium,  it  is  higher  in  hexaaquo  ion 
than  in  the  starting  one,  due  to  the  fact  that  water 
molecules  create  a  greater  field  than  chloride  ions. 

The  same  experiments  have  been  realized  with 
thorium  phosphate  gel  and  concentrated  solutions  leading 
to  xerogel  by  evaporation.  Results  are  plotted  in  a  diagram 
in  Fig.  5.  This  figure  shows  the  displacement  in  function 
of  time  of  chromium  absorption  peaks  for  different  kinds 
of  studied  systems.  We  estimate  that  equilibrium  in  the 
medium  is  reached  when  we  are  not  able  to  evaluate  a 
change  in  the  wavelength  determination.  The  time  repxtrted 
on  the  scheme  corresponds  to  the  time  elapsed  to  get  a 
constant  value  of  the  wavelength. 


6t.’G 

Anrr, 

Fig.  4  -  Absorption  spectra  of  chromium  (III) 
in  aqueous  solution  : 

A  -  Just  after  dissolution  of  chromium  salt, 
B  -  After  24  hours. 
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Fig.  5  -  Summary  scheme  of  variation  with  time  of  absorption  maxima  for  chromium  (III)  in  various  conditions. 

In  gel  and  concentrated  solution  freshly  prepared,  absorption  bands  of  chromium  are  moved  to  higher  wavelengths. 
Both  medium  contain  an  important  concentration  of  chloride  ions  which  could  contribute  to  decrease  the  crystal  field  value  in 
the  beginning.  The  effect  is  roughly  proportional  to  the  chloride  ions  concentration  namely  0.5  M  for  gel  and  about  12  M  for 
concentrated  solution.  Phosphate  ion  is  not  a  good  complexing  agent  for  Cr^"*",  nevertheless  it  may  play  a  role  in  peak 
displacement  which  is  difficult  to  analyze.  After  7  days,  chromium  ion  specUTim  is  stabilized  in  gel.  It  is  partially  rehydrated. 
Chloride  ion  has  been  exchanged  with  water  molecule.  The  final  state  corresponds  to  a  field  with  an  intermediate  value 
between  4  and  6  H2O. 

For  the  concentrated  solution,  12  days  are  necessary  to  get  no  change  in  wavelength  values.  At  the  beginning  peaks  are 
red  shifted,  effect  is  more  important  than  in  gel.  Stabilization  time  is  longer,  certainly  due  to  the  low  content  of  water  (about 
30  %  by  weight)  and  to  the  dynamics  of  the  medium  which  is  decreasing  as  the  viscosity  is  increasing.  Diffusion  coefficients 
of  ions  arc  reduced  with  time  and  modification  of  hydration  sphere  of  Cr^"*"  ions  is  less  and  less  affected.  At  the  end,  Cr^^  in 
solid  xcrogcl  shows  the  same  absorption  spectrum  as  the  first  experiment  in  aqueous  solution.  The  crystallized  chromium 
salt  used  in  these  studies  gives  also  an  identical  spectrum.  So,  in  these  conditions,  we  can  estimate  that  chromium  is  present 
in  xcrogcl  as  [Cr(H20)4Cl2]'*'  ions. 

Similar  experiments  done  only  qualitatively  with  Co^"*"  ions  as  dopant  in  xerogcl,  show  a  colour  change  in  connection 
with  humidity  atmosphere.  They  slowly  change  from  weak  pink  to  dark  blue  as  the  amount  of  water  in  air  is  less  abundant. 
This  can  be  explained  by  a  symmetry  change  of  hydrated  cobalt  ions  which  is  qansformed  from  hexaaquo  ion  in  an  octahedral 
symmeby  in  a  tetrahedral  tetra  aquo  complex.  This  important  effect  is  entirely  reversible. 

These  modifications  show  us  how  much  the  time  is  long  to  get  a  stable  gel  and  xerogel.  Synthesis  of  these 
compounds  needs  few  minutes  or  few  days  but  after  this  preparation  period  equilibrium  of  the  material  takes  place  in  few  days 
for  the  gel  and  almost  two  weeks  for  the  xerogel. 

7.  XEROGEL  DOPED  WITH  RHODAMINE  6G  . 

We  take  profit  of  the  fact  that  material  is  synthetized  at  room  temperature  to  study  how  organic  dye  properties  are 
modified  in  xcrogcl  compared  to  aqueous  solutions.  We  use  this  medium  as  reference  instead  of  organic  liquid  phase  like 
alcohol,  cctonc,  etc...  because  of  the  chemical  nature  of  the  xerogel  which  is  of  inorganic  type.  Gels,  doped  with  organic  dye, 
are  not  yet  studied. 

We  report  in  Fig.  6  absorption  spectrum  of  Rhodamine  6G  (lO  '*  M)  in  aqueous  solution,  concentrated  thorium 
phosphate  solution  and  xerogel.  We  notice  a  drastic  change  between  pure  water  and  the  two  mediums  which  contain  an 
important  concentration  of  hydroxonium  ions.  They  surely  react  with  Rhodamine  6G  and  so,  the  spectrum  is  shifted  in  the 
blue.  It  has  been  supposed  that  at  lO  '*  M  dimerisation  of  the  dye  is  not  enough  important  to  explain  the  observed 
modification  of  the  .spectrum. 
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The  excitation  of  Rhodamine  6G  by  a  nitrogen  laser  at  337  nm  leads  to  an  emission  spectrum  characteristic  of  the  dye, 
without  any  modification  of  the  general  feature  usually  observed.  Nevertheless,  a  shift  of  about  27  nm  in  the  red  has  been 
recorded  between  pure  water  and  xerogel  (Fig.  7). 


Fig.  6  -  Absorption  spectra  of  Rhodamine  6G  (lO'^M) :  Fig.  7  -  Emission  spectra  of  Rhodamine  6G  (10  "*  M) : 

A  -  Aqueous  solution  ;  B  -  Concentrated  thorium  A  -  Aquous  solution, 

phosphate  solution  ;  C  -  Xerogel.  B  -  Xerogel. 

The  emission  of  Rhodamine  6G  at  590  nm  is  identical  in  the  xerogel  and  in  organic  liquid  medium.  We  conclude  that 
the  interaction  of  the  dye  in  its  excited  state  with  the  xerogel  and  organic  phase  is  of  the  same  nature. 

Photodegradation  of  the  dye  by  means  of  an  intense  mercury  lamp  is  quite  comparable  to  that  already  observed  in  the 
same  kind  of  material 

8.  ENERGY  TRANSFER  IN  XEROGEL  BETWEEN  COUMARIN  460  AND  Tb3+. 


We  recently  prepared  xerogel  doped  with  Coumarin  460.  Excitation  at  337  nm  gives  an  emission  of  this  dye  over  a 
broad  band  peaked  at  390  nm  instead  of  the  "normal"  one  regulary  seen  at  460  nm  as  it  is  indicated  by  the  reference  number 
of  this  dye.  Like  for  Rhodamine  6G,  we  suggest  a  matrix  effect  to  explain  such  a  change  of  the  emission  wavelength. 
Separately,  xerogel  has  been  doped  with  Tb^'*'  ions  (1  %  in  mole,  referred  to  thorium  amount  expressed  in  mole)  and 
fluorescence  has  been  excited  at  337  nm.  We  observed  a  very  weak  emission  at  544  nm  on  one  of  the  more  intense  lines  of 
Tb^-*-,  as  shown  in  Fig.  8a. 

A  mixture  of  both  Coumarin  460  and  Tb^'*'  ions  has  been  made  in  a  same  xerogel.  Excitation  by  nitrogen  laser  gives 
rise  to  an  intense  fluorescence  of  terbium  ions  (Fig.  8b).  For  a  constant  value  of  terbium  concentration  (1  %),  different 
concentrations  of  Coumarin  460  were  tried  (Fig.  9).  It  appeared  that  the  efficiency  of  Coumarin  460  on  Tb^"''  measured  at  X.  = 
544  nm  is  maximum  for  the  dye  amount  of  0.1  %  in  the  xerogel.  We  found  that  lifetime  of  Tb^"*'  ions  is  constant  and  equal 
to  0.30  ms,  whatever  the  compound  we  excite  namely,  xerogel  :  Tb^"'"  or  xerogel  :  Coumarin  460  +  Tb^"*".  In  these 
conditions,  we  can  expect  that  fluorescence  takes  place  through  an  energy  transfer  mechanism  and  not  via  a  direct  excitation 
of  a  complex  species  between  Tb^'''  and  Coumarin.  Several  checks  are  necessary  to  conclude. 

In  the  same  type  of  experiment,  Eu^"*'  shows  with  Coumarin  460  the  same  behaviour.  The  dye  greatly  enhances  the 
fluorescence  of  Eu^^. 

It  seems,  through  literature,  that  this  kind  of  pair  ;  dye  +  lanthanide  ion,  was  rarely  investigated  in  an  inorganic 
U'ansparent  solid. 
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Percentage  of  C460 


Fig.  8  -  Emission  spectra  of  ions  (1  %)  in  : 
A  -  Xcrogel, 

B  -  Xerogel  doped  with  Coumarin  460. 


Fig.  9  -  Variation  of  emission  intensity  of  ions 
(1  %)  in  xerogel  doped  with  various  concen¬ 
trations  of  Coumarin  460. 


9.  CONCLUSION. 


Gels  and  xcrogcis  of  thorium  phosphate  have  been  tested  in  terms  of  their  capability  of  being  good  matrices  for  optical 
spectroscopy  studies.  It  appears  that  gels,  from  this  point  of  view,  do  not  bring  any  more  advantages  when  they  are  compared 
to  the  corresponding  aqueous  solutions.  On  the  other  hand,  xcrogels,  due  to  their  broad  optical  window,  allow  us  to  use  them 
up  to  1350  nm  in  the  near  infra-red.  Furthermore,  they  can  be  easily  and  homogenously  doped  at  room  temperature,  either 
with  inorganic  ions  or  organic  compounds  as  well.  For  example,  it  has  been  shown  with  Cr^"*"  ions  that  the  stabilisation  of 
hydration  sphere  of  these  ions  varies  with  the  amount  of  water  which  is  contained  in  gels  and  xerogels. 

Xerogels,  doped  with  Rhodamine  6G,  exhibit  the  same  emission  band  as  in  an  organic  liquid  phase,  while  the 
absorption  spectrum  of  the  dye  is  slightly  disturbed  by  acidity  of  the  medium.  Finally,  we  found  that  a  xerogel 
simultaneously  doped  with  Coumarin  460  and  Tb^'^  leads  to  a  high  increase  of  terbium  fluorescence  when  the  dye  is  excited 
by  a  nitrogen  laser.  To  our  knowledge,  this  is  a  very  rare  example  of  an  energy  transfer  between  a  dye  and  a  lanthanide  ion  in 
an  inorganic  and  transparent  solid. 
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ABSTRACT. 


A  new  laser  method  is  reported  for  manufacturing  of  microoptical  components  including  high-aperture 
microlenses  and  microobjcctives  which  can  be  used  in  fiber-optic  communication  links,  in  integrated  optic 
devices,  in  the  laser  technique  and  technology,  as  well  as  in  scanning  optics.  The  physical  model  of  the  local  laser 
thcrmocoasolidation  process  is  described.  The  main  types  of  the  microoptical  elements  and  their  specific 
parameters  are  presented. 


1.  INTRODUCTION. 

At  present  optical  methods  and,  devices  for  information  recording,  storage,  transmission  and  processing  are 
being  developed  stormily.  They  include  fiber-optic  communication,  cabel  television,  laser  digital,  and  analogue 
recording  of  information,  and  in  the  nearest  future  also  optical-electronic  and  optical  computers.  To  improve  all 
this  devices  further  dimension  time  and  spectrum  densitation  of  data  communication  channels,  processing  and 
storage  of  information  arc  necessary.  These  problems  can  be  successfully  solved  with  the  help  of  microoptical 
components. 

This  paper  presents  the  consideration  of  authors  proposed  of  laser  technology  of  microoptical  components 
and  matrices  which  has  the  efficiency  in  several  orders  greater  than  traditional  technology.  Its  main  idea  lies  in 
local  la.scr  thcrmocon.solidation  of  porous  optical  media  (glasses,  ceramics,  coats).  New  technology  is  based  on 
two  important  principles: 

1.  To  form  microoptical  component  (MOC)  it  is  po.ssible  to  use  process  of  spontaneous  thermoconsolidation 
(sintering)  of  porous  glass  in  viscosity  -  fluidity  phase  due  to  its  tendency  to  the  state  with  minimum  surface 
energy.  The  process  is  initiated  and  guided  by  controlled  local  laser  heating  which  provides  a  high  quality  of 
microoptical  components. 

2.  Accuracy  and  reproduction  of  MOC  arc  provided  thanks  to  stabilization  of  the  process  by  introducing  of  a 
strong  feedback  in  temperature  and  the  time  of  action  and  also  in  optical  parameters  of  elements  (refraction  index 
and  radius  of  the  curvature). 


2.  SOURCE  MATERIALS. 

For  MOC  fabrication  porous  silicate  gla.ss  (PG)  has  been  chosen  as  a  basic  material,  it  is  obtained  on 
industrial  scale  by  acid-alkaline  treatment  of  samples  made  of  sodium-borosilicatc  glass  Na  7/23  (the 
composition  range  80-90%  Si02,  2.5  -  20%  B2O3,  0_5  -  5%  N2O3),  undergone  a  double  thermal  treatment 
(650  C,  24  hours  and  530°C,  72  hours).  Porous  glass  has  been  chosen  as  a  basic  of  optical  components  due  to 
the  following  reasons: 

1)  in  the  process  of  sintering  its  density  changes  and  it  leads  to  appreciable  changes  of  refraction  index; 

2)  by  PG  local  .sintering  it  is  possible  to  change  its  form  in  the  action  zone  due  to  shrinkage; 
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3)  sintered  porous  silicate  glass  possesses  a  good  optical  quality,  approaching  in  its  composition  to  pure  Si02,  and 
strong  chemical  structural  bonds  provide  sufficient  mechanical  strength  in  spite  of  great  internal  stresses  and 
developed  surface  (up  to  300  m  /gr); 

4)  changing  parameters  of  thermal  and  chemical  treatment  it  is  possible  to  vary  average  sizes  of  pores,  their 
dispersion  and  the  whole  volume,  and  also  optical  (refraction  index,  attenuation  coefficient),  thermophysical  and 
other  properties  of  transfer  material. 

3.  PHYSICAL  MECHANIZM  OF  LAZER  THERMOCONSOLIDATION. 

Action  of  C02-laser  radiation  results  in  surface  heating  of  glass,  which  leads  to  its  softening,  that  is,  to  sharp 
decrease  of  silicate  matrbe  viscosity.  A  viscous  flowing  of  softened  glass  layers  is  caused  by  own  internal  stresses 
and  surface  tension.  This  flowing  will  continue  untill 
glass  attains  thermodynamically  equilibrium  state 
with  minimum  free  surface  forces  (or  until  it  is 
cooled).  This  state  is  reached  at  minimum  porosity 
of  volume  and  minimum  surface  area  of  glass-air 
separation  to  which  its  spherical  form  corresponds. 

(Fig.l). 

Complete  analysis  of  microoptical  component 
formation  process  at  local  sintering  is  rather 
complicated.  Thus  let’s  evaluate  only  sintering  time 
of  surface  layer  in  porous  glass,  when  changes  of 
glass  thermophysical  and  optical  properties,  caused 
by  its  sintering,  don’t  play  any  essential  role. 

It  is  assumed  that  sintering  of  surface  layer 
occurs  under  conditions  close  to  stationary  ones.  Fig.  1.  Geometry  of  zone  of  action  at  laser  local  sintring 
that  is,  while  sintering  the  viscosity  of  glass  quartz  of  porous  media, 

base  doesn’t  change  much.  Let’s  consider  work  of 

surface  forces  W<2=-  czdAS/dt  at  pores  jointing  to  be  expended  on  overcoming  of  viscous  flowing  power  of 
silicate  base  W;y=2;7(df:/dty'V,  where  a  -  gla.ss  specific  surface  energy;  AS  -  surface  changing  at  sintering 
process;  r]  -  viscosity  of  silicate  base  at  sintering  temperature;  E  -  relative  deformation  of  the  object;  V 
-  the  volume  of  deformation  area.  To  describe  geometry  of  pores  in  subsurface  glass  layer  a  model  of 
cylindrical  pores  is  used.  Then  dZ^/dt  will  be  proportional  to  changing  the  pore  radius  (r)  on 
the  depth  Ah,  dAS/dt  ~  27mAhdr/dt,  and  relative  deformation  E  V  Ah,  n  -  pore  concentration. 

Making  equal  to  W;^,  we  get  the  time  required  for  complete  sintering  of  the  pore  radius  r^  at  the  given 

glass  porosity  m: 


t<.  ~  4mro7/3a 

One  should  take  into  consideration  that  while  producing  optical  elements  by  la.scr  local  .sintering  of  porous 
optical  media  thermomechanical  .stresses  always  appear  and  they  can  lead  to  the  sample  failure.  The  most 
dangerous  is  the  border  between  sintered  and  unsintered  areas  where  tensile  stresses  occur.  Their  amount 
depends  on  the  volume  of  shrinkage  area  and  increases  with  its  rise,  though  vi.scous  flowing  of  glass  during  the 
sintering  process  results  in  their  partial  relaxation.  That's  why  maximum  dimen.sions  of  optical  components  arc 
limited  by  mechanical  strength  of  porous  sample. 


202  SPIE  Vo/  1 328  So!  Gp!  Optics  11990) 


4.  LASER  SET  FOR  PRODUCING  OPTICAL  COMPONENTS. 


Experimental  set  on  laser  local  sintering  of  PG  was  built  on  the  base  of  100  W  C02-laser  and  provided: 

1)  control  of  important  process  parameters  (light  flow  density  q,  the  time  of  action  r,  the  range  of  radiation  zone 
Rq,  as  well  as  lateral  distribution  q(R); 

2)  the  possibility  of  control  of  cross-section  geometry  of  the  action  zone  by  laser  beam  redistribution; 

3)  visualization  of  the  profile  of  the  upper  (on  the  border  with  air)  and  lower  (on  the  border  with  the  source 
glass)  refracting  surfaces  due  to  the  scanning  of  the  action  zone  by  He-Ne  laser  beam; 

4)  control  of  brightness  temperature  in  the  action  zone. 

5.  CHARACTERISTICS  OF  THE  OPTICAL  COMPONENTS. 

Let’s  consider  optical  characteristics  of  microlcnses  which  can  be  obtained  on  the  basis  of  local  sintering  of 
porous  glasses.  The  lens  who.se  form  is  given  on  the  Fig.l,  at  real 
refraction  indexes  of  .sintered  and  unsintered  gla.s.scs  can  be  only 
negative.  To  produce  a  positive  lens  it’s  necessary  to  remove  a 
concave  surface  of  shrinkage,  that  is,  to  make  the  lens  flat-convex. 

Focal  length  F  of  such  lens  is  known  to  be  determined  by  the 
curvature  radius  of  spherical  surface  R2  and  the  difference  between 
refraction  indexes  An  of  the  media  separated  by  this  surface: 

F=R2/An.  The  refraction  index  of  sintered  porous  glass  is  1.46, 
while  of  porous  glass  at  the  0.63  mkm  wavelength  change, 
depending  on  its  porosity,  (according  10  authors  readings)  from 
1.33  up  to  1.22,  that  is,  An  amounts  to  0.1-0.24.  Numerical 
aperture  of  microlen.ses,  obtained  by  the  method  of  local  la.scr 
sintering  of  porous  glas.ses,  may  be  determined  as  A  ~  Rq/F  ~  An 
and  for  a  number  of  gla.s.scs  it  will  amount  to  0.1-0.24. 

Dependence  of  MOC  geometrical  parameters  on  the  action  zone  is 
given  in  Fig.2. 

The  improvement  of  microlenses  characteristics  (increase  of 
aperture,  decrea.se  of  focal  spot  diameter)  requires  the  increase  of  An.  that  may  be  achieved  by  introducing 
oxides  of  metals  in  sintering  zone  by  the  method  similar  to  impregnation. 

6.  LASER  FORMATION  OF  OPTICAL  RASTERS  IN  SOL-GEL  COAT. 

Formation  of  long-focus  optical  rasters  based  on  sol-gel  coats  is  of  intcrc.st.  Physical  nature  of  focusing 
element  formation  in  porous  coats  seems  to  be  nearly  the  same  as  in  porous  glasses.  After  covering  sol  from 
solution  and  its  preliminary  drying  thus  formed  gel-like  coats  are  subjected  to  laser  action  of  C02-laser  profiled 
beam.  Thermoconsolidation  zone  has  refraction  index  of  monolithic  hard  coat,  its  profile  (curvature  of  the  lens 
surface)  being  determined  by  the  surface  thicknes.s,  beam  profile  and  action  regime.  For  Ti02  (n  =  2_5)  coat  with 
the  number  of  layers  up  to  15  at  the  each  layer  thickness  1000  A"  it  was  pos.sible  to  obtain  long-focus  (f=30 
mm)  lens  rasters,  radiation  correctors  with  the  pupil  of  every  element  from  0_5  to  3  mm  (at  raster  capacity  up  to 
100  elements). 


f  i  ... 


Fig.  2.  Dependence  of  MOC  geometri¬ 
cal  parameters  Fl(o),  Do(A), 
R(o)  on  the  duration  of  action 


SP/E  Vol  1328  Sol  Gel  Optics  (19901  203 


7.  KINDS  OF  OPTICAL  COMPONENTS. 

Using  the  method  of  laser  local  sintering  of  porous  optical  media  it  is  possible  to  obtain  a  great  variety  of 
optical  microelements  from  double-concave  diverging  components  up  to  rather  light-powerful  planar  gradient 
positive  elements  and  asphcrical  lenses.  Mirror  elements  arc  obtained  while  depositing  the  reflecting  films  on 
surfaces  formed  during  the  .sintering  proce.ss. 

While  .scanning  or  projecting  a  laser  beam  on  a  sample  surface,  it  is  possible  to  produce  successively  or 
simultaneou.sly  a  passive  integral  optical  scheme  containing  ncccs.sary  quantity  of  homogeneous  (raster,  diffraction 
grating,  wave  guide)  or  non-homogencous  (di.stribution  correctors  elements). 

Exposing  to  radiation  successively  two  sides  of  a  gla.ss  .sample  it  is  po.ssiblc  to  obtain  planar  "telescopic  and 
double  and  even  more  complicated  optical  assemblies  like  objectives,  oculars,  condensers,  etc.  Types  and 
parameters  of  some  obtained  microoptical  components  arc  given  in  Table  1. 

Table  1.  TYPES  AND  PARAMETERS  OF  MICROOPTICAL  COMPONENTS. 


Microelement  I  Form 

I  (constru-tion) 


■  Negative  microicn.scs  . 

!  (.spherical,  cylindrical)  j 

^  Reflecting  MOC 

I  I 

'  Positive  microlcmscs  I 

(spherical,  cylindrical)! 

I  1 

i  Components  with  di.stribu- 
ted  refraction  indcx2 

! 

I  Beam-.strength  microdiaph-  i 

ragms  ; 


j  Optical  parameters,  mm 

f  ■ '  f  ■  ■  ■  '  I 

2R  !  R1  I  R2  i  F 

I  .  -  j . .  I  ■  -t  .  i 

I  i  '  '  ' 

j  0.3  ‘  0.3-20  1 0.2- 1.5  2-25 

I  5  i  4-12  i  2.5-10  !  ! 

I  i  ;  : 

0.2  I  0.4-2  j-  I  0.2-10 

I  7  I  5-20  I  - 

I  0.1  i  -  '  0.1 -0.5  {  2-5 

14  j  -  I  3-10  ;  10-30  I 


0.02-3  .  - 


'  Numerical  aperture  up  to  0.24 
^  Step  0.15  -  2  mm 


One  can  easily  imagine  devices  which  may  be  con.strucicd  on  the  basis  of  these  components  by  means  of  their 
jointing,  glueing  together,  etc.  They  include  functional  sets  of  micritoptical  components  (for  fiber-optical 
communication  lines  -  connectors,  disconnectors,  couplers,  multiplexers,  demultiplexers,  etc.;  imaging  elements 
and  their  rasters;  amplitude  and  phase  di.stribution  correctors;  Frencl  elements;  soft  diaphragm;  matching  optical 
filters,  etc. 

Proposed  method  gives  the  opportunity  to  obtain  microoptical  components  with  optical  and  mechanical 
strength  and  has  considerable  advantages  over  conventional  methods: 
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1)  high  efficiency; 

2)  possibility  of  minimization  of  microoptical  elements  sizes  up  to  10  mkm  and  increasing  the  density  of  their 
package  up  to  10’^  cm*^; 

3)  possibility  of  obtaining  aspherical  elements. 
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ABSTRACT 

The  sol-gcl  method  has  been  identified  as  a  very  promising  direction  to  prepare  host  matrices  for  trapping 
photoactive  species.  A  wide  variety  of  such  activator  are  sensitive  to  environmental  parameters  and  have  been  used  both 
for  sol-gcl  processing  investigation  and  photoactive  materials  preparation.  Depending  on  the  organic  or  inorganic  nature 
of  the  fluorescence  probe,  different  fluorescence  effects  have  to  be  expected  in  metal  oxide  matrix  derived  from  a  sol-gcl 
process.  Special  attention  has  been  given  to  the  interaction  between  three  fluorescent  species  (Eu^"*^,  Nd^"'’,  pyrene)  and 
three  inorganic  matrices  (silica,  titania,  zirconia).  Fluorescence  phenomena  have  been  investigated  related  to  the  nature 
of  the  probe  and  its  incorporation  mode  into  the  ho.st  matrix. 


1.  INTRODUCTION 

Potential  applications  for  doped  amorphous  materials  exhibiting  luminescence  and  lasing  properties  have  been 

already  discussed  in  the  literature. ’  Two  important  fields  for  future  needs  have  been  identified  ;  renewable  energy 
sources  and  communications.  Focusing  on  the  sol-gcl  process,  various  organic  and  inorganic  dyes  were  embedded  in  gel 
matrices  aiming  at  applications  in  solid  state  dye  laser  and  optical  sensing  technologies.  Compared  to  organic  matrices, 
inorganic  ones  offer  a  more  rigid  structure  which  prevents  undesirable  dye  aggregation  and  lowering  of  photochcmically 
efficiency.  The  purpose  of  this  work  is  to  give  an  insight  of  interactions  between  host  matrices  and  fluorescence  species 
trapped  in  metal  alk  )xides  derived  gels  prepared  in  reversed  micelles  microcmulsion. 

This  new  versatile  method  to  prepare  monolithic  metal-organic  derived  gels  using  titanium,  zirconium  or 
aluminum  alkoxides  has  already  been  presented^  and  is  used  for  this  work.  The  sol-gcl  transition  is  achieved  in  a 
reversed  micelle  microcmulsion.  The  little  amount  of  water  .solubilized  inside  the  micelles  provides  a  controlled  alkoxide 
hydrolysis,  By  this  way,  the  hydrolysis  kinetics  of  this  family  of  highly  reactive  alko.xides  can  be  monitored  and 
monolithic  transparent  gels  of  titania,  zirconia  as  well  as  silica  have  been  obtained 
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Many  techniques  have  been  performed  to  investigate  the  structure  of  this  kind  of  gel  ;  gaz  phase 
chromatography,^  thermoporometry,^  small  angle  X-ray  and  neutron  scattering,®  The  resultant  structural  model  exhibits 
three  porosity  levels  as  illustrated  in  Fig.  1 : 


-  crossbars  of  inorganic  matters  form  a  local  microporous 
structure. 

-  the  crossbars  network  inside  the  particles,  that  corresponds 
to  the  mesostructure,  contains  the  mesoporosity;  this  level 
has  a  fractal  structure.® 

-  the  juxtaposition  of  particles  of  different  sizes  buills  up 
the  macrostructure  and  determines  the  macroporosity. 


Fig.  1  :  Illustration  of  the  structural  model  of  a  Titania 
gel  realized  with  a  reversed  micelles  microemulsion. 

Main  advantages  of  this  sol-gel  process  are  the  ability  to  govern  the  kinetics  by  only  three  parameters  and  the 
possibility  to  elaborate  for  each  alkoxide  a  gel  with  very  little  size  monodisperse  particles  and  thus  with  very  good  optical 
transparency.  Moreover,  desordered  fractal  systems  are  presented  presently  an  intensive  activity.  In  this  context  it  was 
interesting  to  study  this  kind  of  gel  by  a  probe  method  to  know  whether  it  corroborates  or  not  the  previous  model. 

The  gels  obtained  by  hydrolysis  /  condensation  reaction  of  tetramethyl  orthosilicate  (TMSO)  have  been  widely 
studied  by  virtually  all  modern  analytical  techniques.^'"^  Since  a  few  years,  photoprobes  have  been  used  for  investigating 
the  sol-gel  process.  Photochemistry  and  photophysics  offer  today  a  wide  variety  of  probes  which  arc  highly  sensitive  to 
environmental  parameters  such  as  polarity,  viscosity,  porosity  and  local  geometry.  For  example,  pyrene  is  used  as  a 
probe  for  the  evolution  of  pore  network;^''^-^'  the  hydroxy  trisulfonated  pyrene  molecule  has  been  used  to  detect  pH 
variations,*^  the  spyropyrans  molecules,*^  rhodamine  and  rhodamine  can  probe  the  silica  cage  polarity 

and  the  ability  to  isolate  molecules.  Eu^^  is  a  local  symmetry  probe*®  but  many  others  rare  earths,  as  Nd^^  and  Tb^^,*^ 
are  conceivable  to  investigate  a  sol-gel  system.  In  this  paper,  we  will  focus  our  attention  on  the  results  concerning  Eu®^, 
Nd^^  and  pyrene. 

In  desordered  systems,  Eu^^  is  generaly  situated  in  low  symmetry  sites.  Its  emission  spectrum  is  composed  of 
the  the  electric-dipole  transitions  ^Dq  — >  ^Fo  2  4  ^  of  the  the  magnetic-dipole  transition  ^Dq  —  >  ^Fj.  As  the  electric- 
dipole  transitions  are  forbidden  in  a  centrosymmetric  site,  their  intensities  are  dependent  on  the  surrounding  medium 
symmetry.  On  the  contrary,  the  magnetic-dipole  transition  is  insensitive  to  the  surrounding  of  the  ion  and  may  therefore 
be  used  as  a  reference  for  comparison  with  other  transition  strenghts.  Thus  a  large  R  ratio  of  the  fluorescence  intensities 
for  the  ^Dq  — >  ’F2  and  ^Dg  — >  ^Fj  transitions  (  R=  ^Dg  — >^F2  /  ^Dg  — >  ^F^  )  implies  a  low  symmetry  field  for  the 
Eu^^  site.^**'^* 

Concerning  Nd^^,  its  environment  can  be  described  by  the  three  Judd-Ofclt  intensity  parameters,  calculated 
from  the  absorption  spectra.  This  parameters,  ^2^  04  and  fig,  have  been  largely  studied  in  various  materials.*^  More 
accurately  il2  strongly  enhanced  by  covalent  bonding  and  fig  increa.ses  when  the  rigidity  of  the  cage  decreases.  Eu^^ 
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and  have  the  same  chemical  nature  and  a  similar  affinity  with  the  different  alkoxides.  Thus,  the  Nd^^  insertion 
have  been  performed  to  corroborate  the  results  obtained  with  Eu^^. 

Pyrene  shows  many  interesting  photophysical  properties  that  have  contributed  to  the  wide  use  of  this  molecule 
as  a  probe  for  heterogeneous  systems.  It  tends  to  form  cxcimers  by  an  intramolecular  complexation  process  between  an 
excited  Py*  and  a  ground  state  Py. 

Its  caracteristic  fluorescence  spectrum  (Fig.  2.1)  is  composed  of  a  blue  emission  (  between  360  and  430  nm)  due 
to  the  monomer  form  and  of  a  green  one  (between  460  and  530  nm)  due  to  the  excimer  form.  It  is  one  of  the  few 
condensed  aromatic  hydrocarbons  which  shows  significant  fine  structure  due  to  vibronic  bands  in  its  monomer 
fluorescence  spectrum.  The  solvent  dependency  of  vibronic  bands  intensities  in  pyrene  monomers  fluorescence  was  first 
investigated  by  Nakajima-^  and  by  Kalyanasundaram.^^ 


Py'L%  Py* 


Fig  2.1  :  Caracteristic  fluorescence  of  a  decanc  Fig  2.2  :  Evolution  of  the  excimer  proportion  in  a 

solution  doped  with  pyrene.  decanc  solution  versus  concentration. 

For  the  sake  of  convenience  in  the  following  discussions,  the  five  predominant  peaks  of  the  monomers  emission 
are  listed  as  M[  to  M5.  For  the  excimers  emission,  we  will  consider  the  maximum  intensity  level,  E.  It  is  well  known, 

now,  that  the  intensity  ratio  of  peaks  M3/M1  serves  as  a  measure  of  the  solvent  polarity.^^  It  increases  from  0.63  in  the 
case  of  Py  solubilized  in  water  to  1.65-1.80  in  hydrocarbon  solvents.  To  evaluate  the  excimer  formation,  we  will  use  the 
intensity  ratio  E/E  +  M5  which  increases  with  the  concentration  (Fig.  2.2). 


2.  EXPERIMENTAL 

The  solutions  arc  prepared  from  the  following  alkoxides  :  titanium  isopropoxide,  zirconium  n-propoxidc  and 
Silicon  methoxide.  The  reversed  micelle  microcmulsions  arc  realized  by  mixing  the  suitable  quantities  of  water,  decane 
and  a  oil  soluble  surfactant.  We  u.sed  the  alkylaryl  polycthcr  alcohols  triton  X35  and  X45  (Rhoom  and  Hass)  as 
surfactant;  they  have  respectively  3  and  4  average  oxide  units  in  the  ether  side  chain.  The  sol-gel  process  begins  after  the 
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addition  of  the  micellar  solution  on  to  the  alkoxides.  Different  gelation  times  can  be  choosen  according  to  n  and  h, 
respectively  the  water/surfactant  molar  ratio  and  the  water/alkoxide  molar  ratio.  If  we  want  to  elaborate  a  transparent 
gel  with  high  optical  properties,  it  is  necessary  to  choose  the  gel  formation  parameters  in  order  to  reach  the  gel  state 
slowly.  All  chemicals  details  concerning  the  preparation  of  these  gels  are  given  in  Ref.  5. 

The  rare  earths  ions  were  incorporated  under  their  chloride  hexahydratc  forms  in  proportion  varying  from  1  to 
2%  compared  to  the  alkoxide.  pyrene  was  purchased  from  Kodak  and  was  recristallized  from  ethanol  before  use.  The 
probe  can  be  incorporated  using  four  different  ways  : 

1-  probes  are  dissolved  in  pure  alkoxides  which  are  then  reacted  with  micellar  solution. 

2-  probe'  are  dissolved  in  the  micellar  solution  before  the  addition  on  to  the  alkoxide  solution. 

3-  probes  are  added  into  the  sol  before  gelation. 

4-  probes  are  adsorbed  on  a  dry  washed  gel  prepared  by  soaking  the  adged  gel  in  solvent  like  decane  or  hexane 
to  remove  the  surfactant. 

Gels  were  studied  in  tightly  sealed  tubes  excepted  for  the  fourth  way.  Eu^"^  and  pyrene  were  respectively 
recorded  under  a  393  nm  and  350  nm  excitation  wavelength  on  a  home-built  apparatus  and  corrected  with  respect  to  the 
spectral  responses  of  the  monochromator  and  photomultiplier.  The  fluorescence  spectra  were  carried  out  at  300  K 
because  they  exhibited  same  resolution  at  the  liquid  nitrogen  temperature.  Absorption  spectra  recorded  on  a  Cary  17 
(Varian)  soectrophotometer  and  on  a  UV-Visible  3100  Shimadzu  spectrophotometer  were  used  for  absorption 
measurement.  The  Judd-Ofelt  parameters  calculated  from  the  two  recordings  systems  were  similar  (±  5%).  All  the 
values  listed  below  have  been  calculated  from  the  Cary  17  recordings. 


3.  RESULTS 


3.1.  Inorganic  probes 

3.1.1. In  the  pure  alkoxides  fFig.  3) 

The  ratio  R  has  been  calculated  by  planimetry.  It  is  about  7.2  for  the  titanium  alkoxide  and  changes  to  4.33  for 
the  zirconium  alkoxide.  These  values  can  be  compared  to  R  =  1  measured  in  the  case  of  an  aqueous  solution  and  show 
that  Eu^'*'  is  in  a  very  dissymmetrical  site.  That  ties  up  with  the  fact  that  the  alkoxides  can  be  coordinated  in  molecular 
aggregates  (from  2  to  6)  by  the  intermediate  of  hydrogen  boundings.  This  aggregation  can  prevent  a  symmetrical 
arrangement  around  the  probe. 

3.1.2.  In  the  micellar  solutions  (Fig.  41 

Eu^^  chloride  hexahydrate  is  a  strongly  hydrophilic  probe  and  its  solubility  in  organic  solvents  is  very  low.  In  the 
presence  of  reversed  micelles,  it  is  preferentially  solubilized  in  the  internal  hydrophilic  regions. 

The  ratio  R  varies  from  0.9  to  1.2.  This  kind  of  spectrum  is  typical  of  the  Eu^*  emission  dissolved  in  water  or 
alcohol.  In  this  case,  the  probe  has  a  well  definite  site  :  inside  the  reversed  micelle  and  surrounded  by  the  water 
molecules  and  by  the  OH  groups  of  the  surfactant.  Various  conflictig  models  have  been  suggested. Considering 
the  Eu^”^  fluorescence  spectra,  the  micelle  structure  seems  to  strongly  depend  on  the  surfactant  nature  (Fig.  4).  Both 
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reversed  micellar  solutions  studied  have  been  prepared  using  the  same  components  ratio.  The  only  difference  is  the 
surfactant  hydrophilic  head  groups  nature.  Our  results  can  not  confirm  one  of  the  proposed  structure.  In  fact  they  only 
give  evidence  that  the  reversed  micellar  aggregates  are  centrosymmetrical,  especially  in  the  case  of  the  X35  surfactant, 
caracterized  by  a  smaller  hydrophilic  head. 


Fig.3  :  Fluorescence  spectrum  of 
titanium  alkorides  doped  with  Eu^^ 


3.1.3.  During  the  sol-gel  transition 


Fig.  4 :  Fluorescence  spectra  of  a 
micellar  solution  doped  with  Eu^"*^  • 
- ;X35, - :X45. 


Fig.  5  :  Fluorescence  spectrum  of  a 
titania  gel  elaborated  by  the  first 
way. 


The  Eu^"^  fluorescence  has  been  analysed  in  relation  with  the  incorporation  way  of  the  probe.  In  this  part,  we 
will  focus  our  attention  on  the  results  concerning  titania  gels. 


In  the  first  way,  the  probe  is  incorporated  by  the  pure  alkoxide  intermediate.  The  Eu^"*^  fluorescence  spectra  in 
the  resulting  gels  (Fig.  5)  present  only  one  significant  difference  with  the  precursor  solution  (Fig.  3)  :  the  ratio  R  has 
changed  from  7.2  to  4.6.  Eu^^  is  no  more  surrounded  by  coordinated  alkoxides  molecules.  A  chromatographic  analysis 
has  proved  that  most  of  the  alkoxides  groups  react.  Two  different  mechanisms  can  explain  these  results  ; 

-  during  the  sol-gel  transition,  the  coordination  degree  is  reduced,  titanium  alkoxides  react  individually 
and  a  different  Eu^"*^  environment  appears  formed  by  the  inorganic  network. 

-  the  aggregates  react  between  each  others  by  the  intermediate  of  the  external  functions  and  then  the 
Eu^'*'  surrounding  environment  is  not  destroyed  but  disturbed.  No  conclusion  can  be  drawn  from  the  different  aspect  of 
the  ^Dq  ->  ^F2  band  (Fig.  3  and  Fig.  5). 

If  the  probe  is  incorporated  by  the  micellar  solution  intermediate  (second  way),  Eu^"*^  emission  in  the  gel  is 
similar  to  the  previous  one  and  strongly  differs  from  the  Eu^*  spectrum  in  the  micellar  solution  (Fig.  4).  The  water  that 
made  up  the  Eu^"*^  coordination  shell  in  the  micellar  solution  has  been  quickly  consumed  to  perform  the  hydrolysis. 
Thus,  Eu^^  undergoes  an  important  modification  of  its  environment.  A  new  Eu^'*'  solvatation  shell  appears  which  is 
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composed  of  the  oxygen  of  the  Ti-O-Ti  and  of  the  OH  groups  just  formed  and  also  with  the  oxygens  of  the  unreactcd 
OR  fonctions. 


To  make  sure  that  the  introduction  of  the  probe  have  no  influence  on  the  gel  formation,  it  was  necessary  to 
consider  the  third  and  fourth  ways  of  incorporation.  For  both  ways,  the  fluorescence  spectra  of  the  final  gel  are  roughly 
the  same.  The  slight  variation  of  R  (  R-4.1  to  R  =  4.7  )  only  indicatesthat  Eu^^  adsorbed  on  a  washed  gel  has  a  lightly 
more  dissymmetrical  surrounding.  That  was  foreseeable,  because  in  case  three,  the  particles  can  go  on  growing  around 
the  probe.  So  the  solvation  shell  of  Eu^"*^  is  practically  the  same  whatever  the  incorporation  way  we  choose. 

Concerning  the  fourth  way,  if  the  rare  earth  was  really  adsorbed  on  the  surface  of  the  gel  particles,  we  should 
have  noted  some  differences  especially  in  the  widths  of  emission  spectra  bands;  this  is  an  indication  of  the  fact  that  Eu^"*^ 
gets  to  the  inside  gel  cages  porosity  using  the  "bottle-neck"  geometry  of  the  gel.  At  this  place,  it  can  thus  have  an 
arrangement  of  coordinative  bonds  of  identical  symmetry  than  before.  We  must  also  consider  the  fact  that  after  washing 
a  doped  gel,  Eu^^  is  still  trapped  in  the  gel  whatever  the  solvant  we  use.  Moreover,  the  probe  luminescence  is  insensitive 
to  an  exchange  of  the  decane  by  hexane  or  by  a  very  different  kind  of  solvent  as  alcohol  or  water.  We  have  proved  by  an 
infrared  spectroscopic  study  that  the  solvent  and  the  surfactant  were  still  detectable  in  a  dry  washed  gel,  showing  that  the 
remaining  chemical  substances  were  contained  in  the  Ti02  crossbars  and  adsorbed  on  their  surfaces.  These  results 
prouve  that  the  probe  is  trapped  inside  the  microporosity  of  the  Ti02  crossbars  (first  and  second  ways)  or  adsorbed  at 
the  junctions  of  the  network  structure.  On  this  system,  we  have  performed  many  kinetics  but  we  did  not  have  seen  any 
spectral  differences  between  a  doped  sol,  a  gel  and  a  gel  after  the  syneresis  phenomenum.  The  probe  doesn’t  detect  any 
variation  in  the  symmetry  or  in  the  nature  of  its  first  neighbours;  they  were  organized  definitly  at  the  real  beginning  of 
the  sol-gel  transition;  this  proves  that  the  gel  state  is  obtained  by  few  condensation  reactions  between  particles  formed 
during  the  first  minutes  of  the  reactions. 


The  Neodymium  insertion  can  be  performed  by  the  same  ways.  A  caracteristic  absorption  spectrum  is  presented 
on  Fig.  6.  Considering  that  Eu^*  and  Nd^^  have  the  same  chemical  nature  and  a  similar  affinity  with  the  titanium 
alkoxide,  they  will  occupy  the  same  position  in  the  system.  The  former  kinetic  informations  have  been  wholly  confirmed 
by  this  probe.  For  the  different  doped  gels,  we  have  recorded  their  absorption  spectra  using  the  same  conditions;  it  is 
thus  reliable  to  compare  the  Judd-Ofelt  intensity  parameters  that  are  given  on  table  1. 


1.0  Abs 


0.5 


A(nm) 
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fij  1020 

1020 

fig  1020 

Pure  alkoxide  doped  with  Nd^^ 

8.38 

6.89 

6.25 

Doped  gel  (first  way) 

7.05 

6.30 

6.16 

Micellar  solution 

0.71 

5.62 

6.86 

Doped  gel  (second  way) 

5.15 

7.56 

6.75 

Gel  doped  after  the  sol  elaboration 

5.97 

6.12 

6.1 

Table  1 :  Judd-Ofelt  parameters  for  the  titanium  gels  elaborated  by  the  different  ways; 
we  have  listed  the  parameters  of  the  precursor  solutions  and  of  the  corresponding  gels. 

The  (l2  parameter  varies  from  0.71  10^°  to  8.38  10^**  and  as  soon  as  the  probe  is  in  the  vicinity  of  alkoxides 
molecules  this  parameter  becomes  much  higher  than  in  the  micellar  solution;  the  maximum  value  has  been  mcsured  for 
the  pure  titanium  alkoxide  doped  with  Nd^^  ;  that  clearly  indicates  that  there  is  covalent  bondings  between  Neodymium 
and  its  ligands  which  are  the  OR  groups  of  the  titanium  alkoxide.  Many  of  these  functions  are  hydrolysed  during  the  sol- 
gel  process  and,  so,  some  of  the  covalents  bondings  disappeared.  That  explains  the  medium  values  mesured  in  the 
different  gels.  Concerning  the  fig  parameter,  the  variations  are  not  large  enough  to  deduce  anything  from;  we  can  only 
say  that  the  rigidity  of  the  gel  cage  is  lightly  higher  than  in  a  solution  but  we  are  still  far  from  the  rigidity  of  an  oxide 
(06=41020). 

All  those  results  have  been  confirmed  using  the  zirconium  alkoxide.  The  case  of  the  silicon  alkoxide  is  slightly 
different  :  the  Eu^"*"  fluorescence  spectra  are  always  the  same  as  in  the  pure  alkoxide.  So,  the  Eu^'*'  setting  doesn’t 
change  and  is  essentially  built  of  alkoxides  with  low  hydrolysis  rate;  that  must  be  linked  with  the  fact  that  it  is  the  lowest 
reactive  alkoxide. 

32.  pyrene  incorporation 

Kaufman  and  al.  have  published  a  similar  study  in  a  classical  sol-gel  system;^'^o  carried  out  the 
polymerization  of  Si(OCH3)4  in  the  presence  of  surface  active  agents  and  pyrene  as  a  probe  molecules.  They  observed 
prolonged  oscillations  in  the  E/E+Mj  ratio  during  the  sol-gel  transition. 

So,  we  have  to  determine  a  concentration  field  where  the  both  forms,  monomers  and  excimers,  coexist.  Kinetic 
studies  have  been  performed  on  the  titanium  alkoxide  using  different  concentrations  of  Py  :  0.3  g/I,  1.05  g/1,  1.6g/l  and 
3.6g/l.  The  second  and  the  third  kinetics  are  the  only  ones  situated  inside  the  previous  field.  As  these  two  kinetics  have 
provided  absolutely  the  same  information,  all  the  results  presented  below  correspond  to  a  pyrene  concentration  of 
1.05  g/1. 

3.2.1  In  the  micellar  solution 

Pyrene  is  a  strongly  hydrophobic  probe  and  its  solubility  in  water  is  very  low.  In  the  pyrene  fluorescence 
spectrum  at  this  concentration  (1.05  g/1)  we  have  measured  the  significant  ratio  M3/M,  :  M3/M,  =  1.80. 
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In  the  case  of  the  pyrene  solubilized  in  decane  at  the  same  concentration,  the  ratio  M3/M,  becomes  2.8.  This 
observation  permits  us  to  say  that,  in  presence  of  such  micelles,  pyrene  is  preferentially  solubilized  in  the  exterior 
hydrophobic  region  of  these  aggregates  and  in  the  vicinity  of  the  surfactant  molecules. 


3.2.2.  During  the  sol-gel  process 


On  the  figure  7,  we  have  represented  the  evolution,  versus  time,  of  the  excimers  proportion  (Fig.  7.1)  and  the 
^3/^1  7-2)  ratio  during  the  sol-gel  transition.  The  gel  point  is  situated  by  an  arrow;  and  the  doted  lines  correspond 

to  the  different  values  caracterizing  the  pyrene  fluorescence  in  reversed  micelles  and  in  dccane. 


Fig.  7.1  :  Representation  of  the  excimers  proportion  Fig.  7.2  :  Representation  of  the  M3/M,  ratio 

versus  time  during  the  sol-gel  transition  of  titanium.  versus  time  during  the  same  sol-  gel  transition. 

At  the  beginning  of  the  kinetic  we  observe  large  variations  in  the  E/E  +  M5  as  well  as  in  M3/M,,  and  then  the 
amplitude  of  the  fluctuations  gets  smaller. 

We  have  recorded  many  times  the  fluorescence  spectra  of  a  micellar  solution  doped  with  pyTene;  thus  we  have 
evaluated  the  experimental  error  at  less  than  5%;  consequently,  that  can  not  be  at  the  origin  of  the  oscillatory  behavior 
we  observe. 

The  oscillations,  we  have  observed,  can  be  considered  as  chaotic,  in  fact  we  have  never  been  able  to  follow 
continuously  a  change  of  the  former  ratio  from  a  maximum  to  a  minimum.  Moreover,  a  similar  sample  has  been 
analysed  during  many  days  under  a  constant  350  nm  excitation;  by  this  way  we  know  that  the  excitation  energy  could 
have  an  influence  only  at  the  right  beginning  of  this  experiment.  Under  these  new  conditions,  the  two  ratio,  presented  on 
Fig.  8.1  and  8.2,  do  not  exhibite  any  chaotic  evolutions. 

The  oscillations  for  the  M3/M1  ratio  are  situated  below  the  caracteristic  level  of  the  micellar  solution  doped 
with  the  same  pyrene  concentration;  this  observation  proves  that  the  system  has  a  stronger  polarity  certainly  because  of 
the  proximity  of  the  Ti02  crossbars.  We  must  also  note  the  direct  correlation  between  an  increasing  of  the  excimers 
proportion  and  a  decreasing  of  the  media  polarity  during  the  first  thou.sand  hours  of  the  kinetics.  If  we  divide  a  solution 
in  two  parts  before  gelation,  we  observe  the  same  phenomena  with  a  real  .synchronicity  and,  considering  that  the 
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fluctuations  are  not  continuous,  it  seems  to  us  uncertain  that  structural  evolutions,  i.e.  reversible  polycondensation 
reactions  as  suggested  by  Kaufman  and  coll.,*°  are  at  the  origin  of  this  chaotic  behavior. 


Fig.  8.1  :  evolution  of  the  excimer  proportion  Fig.  8.2  :  evolution  of  the  Mj/Mj  ratio 

versus  time,  under  a  constant  excitation.  versus  time,  under  a  constant  excitation. 


In  order  to  study  aging  of  the  gel  as  an  open  system,  it  was  separated  of  it  syneresis  liquid  during  kinetic 
evolutions.  For  the  liquid  we  have  measured  constant  values  : 

E/E  +  M5  =  0.297  M3/M1  =  1.43 

Concerning  M3/MJ,  this  value  corresponds  roughly  to  the  average  value  all  along  the  kinetics,  showing  that  an  important 
amount  of  the  probe  molecules  are  surrounded  by  this  kind  of  liquid. 


Fig.  9.1  :  evolution  of  the  excimer  proportion  Fig.  9.2  :  evolution  of  the  M3/M1  ratio 

versus  time,  in  the  case  on  an  open  system.  versus  time,  in  the  case  on  an  open  system. 
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In  the  case  of  the  open  system,  the  gel  contracts  significantly  and  the  liquid  throwing  out  is  collected  and  does 
not  stay  in  contact  with  the  gel.  The  kinetics  performed  with  these  new  conditions  are  presented  on  Fig.  9.1  and  on 
Fig.  9.2.  They  do  not  exhibit  any  fluctuation;  the  interaction  between  pyrene  and  the  micellar  solution  becomes  thus 
evident.  The  pyrene  molecules,  inside  the  gel,  tend  to  be  preferentially  under  the  monomer  form.  The  lowering  of  the 
excimer  proportion  must  be  linked  with  the  fact  that  the  liquid  contained  in  the  gel  leaves  out  the  structure;  but  the 
fluorescence  intensity  measured  for  the  monomers  wavclenghts  region  remains  high,  showing  that  this  trapped 
molecules  were  at  the  origin  of  the  monomers  emission,  all  along  the  kinetics. 

So,  we  can  describe  two  possible  simultaneous  locations  for  this  kind  of  probe  molecules  : 

-  Inside  the  microporous  volume  of  the  gel,  we  have  a  little  part  of  the  pyrene  molecules;  considering 
that  pyrene  has  a  10  A  diameter,  it  can  be  located  individually  in  this  kind  of  pores.  No  oscillations  have  been  ob.scrvcd 
at  this  level.  The  molecules  are  trapped  in  this  structure  and  are  prevented  from  aggregation. 

-  Inside  the  macroporous  volume  of  the  gel,  we  have  a  large  amount  of  pyrene  which  induces  the 
fluctuations  on  the  excimers  proportion  in  the  fluorescence  recordings.  These  fluctuations  are  not  only  due  to  the 
interaction  between  pyrene  and  the  liquid  inside  this  volume,  but  also  to  the  interaction  between  pyrene  and  the  titanium 
alkoxlde.  In  fact,  we  have  performed  kinetics  with  the  others  alkoxides;  and  no  fluctuations  have  been  observed;  so,  we 
think  that  the  origin  of  this  phenomenum  is  a  triangular  effect  between  the  probe,  the  titanium  alkoxide  and  the  micellar 
solution  certainly  by  the  surfactant  intermediate  as  sugge.stcd  by  Kaufman  and  al..  The  titanium  alkoxide  is  the  only  one 
that  has  the  ability  to  change  of  oxidation  number  :  from  Ti(lV)  to  Ti(lII).  A  possible  explanation  could  be  this 
electronic  charges  transfer;  we  have  already  proved  that  this  reduction  reaction  was  strongly  enhanced  by  this  surfactant 
family^^  and  we  also  know  that  pyrene  can  be  easily  photoionized  in  a  micellar  system  by  a  blue  light  excitation.^* 

The  applicability  of  the.se  electronic  charges  transfer  theory  to  the  chaotic  behavior  in  this  system  is  still  under 

study. 


4.  CONCLUSION 

We  have  determined,  in  this  kind  of  sol-gel  matrbe,  three  different  host  sitc.s,  which  arc  the  microporosity,  the 
mc.soporosity  and  the  macroporosity;  depending  of  the  organic  or  inorganic  nature  of  the  fluorescence  probe  different 
sites  will  be  occupied;  so,  that  corroborates  the  previous  model  we  have  elaborated  by  a  classical  thermoporometry 
study.  This  one  have  brought  many  others  informations  : 

-  The  reversed  micellar  aggregates  arc  ccntrosymmelrical;  they  arc  destroyed  as  soon  as  they  are  in 
contact  with  the  alkoxides.  The  alkoxides  aggregates  arc  not  ccntro.symmetrical  and  it  is  possible  that  during  the  sol-gel 
transition,  they  are  not  destroyed  but  only  di.sturbed. 

-  The  formation  kinetic  of  the  TiO,  cros.sbars  is  very  quick;  they  contains  a  mirroporosily  which  is  a 
closed  porosity;  inside  this  cros.sbars,  the  inorganic  probes  arc  definitively  trapped.  This  probe  environment  is  completely 
organized  at  the  real  beginning  of  the  .sol-gel  transition. 

-  An  organic  probe  as  pyrene  can  also  be  efficiently  trapped  inside  the  mesoporosity  of  this  gel.  This 
cage  effect  remains  after  an  ageing  process.  But,  the  fluctuaticm  phenomenum,  which  occurs  inside  the  macroporosity  of 
a  titania  gel.  is  not  for  the  moment  completely  undcrstotxl;  it  seems  to  us  that  the  excitation  energy  can  be  at  the  origin 
of  a  photocicctrical  process  between  the  titanium  alkoxide  and  the  pyrene  molecules  which  induce  these  fluctuations. 
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ABSTRACT 

Previous  studies  have  shown  that  sol-gel  matrices  are  excellent  low  temperature  hosts  for 
various  optically-active  materials,  both  organic  and  inorganic.  Optical  properties  of  these 
composites  depend  upon  such  factors  as  the  structure  of  the  matrix  and  size,  shape,  and  degree 
of  dispersion  of  the  optically-active  phase.  We  discuss  factors  that  control  the  shrinkage  and 
clarity  of  silicate  aerogel  host  matrices  and  report  on  novel  composites  in  which  the  optical 
properties  are  controlled  by  solid-vapor  and/or  solid-liquid  reactions  within  the  host  matrix. 

».  INTRODUCTION 

The  radioluminescent  light  _)  program  at  Sandia  National  Laboratories  and  E.G.cSt  G,  Mound 
Applied  Technologies  i^^  c'  .ducting  research  to  improve  radioactively-powered  light  sources  and 
to  develop  power  supplies  based  on  this  technology.  Current  studies  have  focused  on  developing 
a  volumetric  light  'ource  powered  by  radiation.  The  volumetric  light  is  intended  to  improve 
light  output  over  current  technology  while  enhancing  safety.  We  report  on  the  results  of  an 
optically  active  aerogel/phosphor  composite  in  which  light  output  is  controlled  by  aerogel 
properties,  concentration  and  dispersion  of  the  phosphor,  and  source  of  excitation  radiation. 

Aerogel/phosphor  composites  are  prepared  by  suspending  a  commercial  phosphor  powder  in  a 
sol.  After  gelation,  aging,  and  supercritical  solvent  extraction,  a  beta  source  is  placed  in 
proximity  to  the  phosphor  grains  through  the  aerogel  pores.  The  beta  particles  excite  the 
phosphor  and  cause  it  to  luminesce.  This  light  source  should  have  a  higher  light  output  than 
conventional  surface  RL  lights  because  light  is  emitted  not  only  from  the  aerogel  surface  but 
Jso  from  within  some  portion  of  the  aerogel  volume.  Thus,  it  should  have  some  of  the 
intensity-additive  properties  of  a  true  volumetric  light  source. 

Uses  for  self-powered  radioluminescent  lights  include  emergency  lighting  for  aircraft, 
submarines,  and  ships,  instrumentation  panel  and  docking  lights  for  space  applications,  lighting 
where  electrical  power  is  difficult  or  impossible  such  as  remote  runway  lighting,  and  low  energy 
radiation  detection  (e.g.,  Tj  detector). 
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If  the  light  output  from  the  aerogel/phosphor  volumetric  light  is  great  enough  then  it  is 
economically  feasible  to  use  it  as  a  scintillator  in  a  two-step  betacell  to  produce  electrical  power. 
This  concept  is  schematically  represented  in  Fig.  1.  Beta  particles  bombard  a  scintillator, 
producing  photons.  The  photons  are  then  absorbed  by  the  photocell,  generating  electrical 
power. 

1.1.  Conventional  technology 

In  a  gas  tube  RL  light  prepared  using  current  technology,  a  phosphor  powder  is  deposited  on 
the  inside  surface  of  a  glass  tube  using  phosphoric  acid  or  an  organic  binder  to  adhere  the 
phosphor  to  the  tube  surface.  The  tube  is  subsequently  evacuated  and  backfilled  with 
approximately  one  atmosphere  of  tritium  gas  (Fig.  2).  Beta  particles  produced  by  radioactive 
decay  of  tritium  atoms  excite  the  phosphor  particles  and  some  of  the  energy  is  released  as  light. 


BETAS 


_ i _ i_  1 

SCINTILOATOR 


PHOTONS 


''  ^ 

1_L 


SOLID  STATE  CONVERTER 
(p/n  JUNCTION) 


1 000  TORR  TRITIUM  GAS 


PHOSPHOR/BINDER  COATING  GLASS  TUBE 


Fig.  1.  A  schematic  of  a  two-step  Fig.  2  Schematic  of  conventional 

betacell  conversion.  gas  tube  RL  light. 

There  are  three  effects  that  limit  the  maximum  light  output  of  sue*’  light  sources.  First,  tritium 
gas  has  a  very  low  beta  particle  energy  (E.^g  =  6  keV)  which  causes  self-absorption  of  the  beta 
particle  and  limits  beta  particle  penetration  into  the  phosphor  particles  to  ~  1-2  microns.  In 
other  words,  the  beta  particles  that  excite  the  phosphor  on  the  inside  of  the  glass  tube  can  only 
come  from  a  limited  gas  thickness.  Computer  simulations  predict  this  thickness  to  be  about  2 
cm  for  1  atmosphere  of  pure  tritium  gas.*  In  practice,  a  spacing  of  -0.3  cm  is  typically  used 
with  1.3  atmospheres  of  tritium  to  optimize  the  light  output  per  Curie  of  tritium  gas  used. 

Second,  although  the  phosphor  materials  are  very  reflective,  the  phosphor  layer  quickly  becomes 
opaque  to  light  for  deposits  only  a  few  particles  thick.  Therefore,  increasing  the  thickness  of 
the  phosphor  deposit  or  increasing  the  tritium  pressure  does  not  significantly  increase  the  light 
output. 

Finally,  the  organic  binder  used  to  glue  the  phosphor  particles  to  the  inside  of  the  glass  tube 
can  darken  due  to  radiation  damage  from  tritium  beta  particle  bombardment,  thereby  reducing 
the  intensity  of  the  light  over  time. 

In  addition,  gas  tube  RL  lights  are  extremely  fragile.  If  a  tube  is  fractured,  the  tritium  gas  will 
rapidly  leak  out  and  may  pose  a  contamination  threat  in  a  confined  space. 
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2.  AEROGEL/PHOSPHOR  COMPOSITE 


To  overcome  the  limitations  of  current  RL  tube  technology  we  are  studying  a  composite 
consisting  of  a  cathodo-luminescent  phosphor  suspended  in  a  silica  aerogel.  The  high  porosity 
of  the  aerogel  allows  intimate  mixing  of  the  tritium  with  the  phosphor  throughout  the  aerogel 
matrix.  The  clarity  of  the  silica  aerogel  is  not  affected  by  radiation-induced  darkening.^  This 
composite  will  have  characteristics  of  a  volumetric  light  source  and  thus  be  inherently  brighter 
than  a  conventional  RL  tube  providing;  1)  the  aerogel  matrix  is  sufficiently  transparent  to  the 
emitted  beta  particles  so  that  most  of  the  energy  is  deposited  in  the  phosphor,  and  2)  the 
aerogel/phosphor  matrbc  is  optically  transparent  to  the  emitted  light  such  that  most  of  the  light 
generated  within  its  volume  can  escape.  Ideally,  a  highly  transparent  aerogel  matrix  prepared 
under  conditions  where  little  shrinkage  occurs  during  processing  will  produce  the  most  desirable 
host  material  for  phosphor  incorporation. 

2.1.  Aerogel  clarity  and  shrinkage 

Clear  silica  aerogels  can  be  prepared  using  tetramethylorthosilicate  (TMOS)  or 
tetraethylorthosilicate  (TEOS)  as  precursors.  TEOS  is  often  the  precursor  of  choice  because  of 
the  toxicity  of  TMOS.  Recent  advances  have  produced  highly  transparent  aerogels  using  a  base- 
catalyzed  TEOS  system,  resulting  in  more  robust  aerogels  with  significantly  less  shrinkage  than 
acid-catalyzed  aerogels.^>^  Scattering  (lack  of  clarity)  in  base-catalyzed  aerogels  occurs  not  only 
from  the  small  spherical  linkages  that  make  up  the  aerogel  skeleton  but  also  as  a  result  of  slight 
differences  in  aerogel  density.®  The  clarity  of  aerogels  is  influenced  by  TEOS  concentration, 
amount  of  water  for  hydrolysis,  pH,  and  gelation  temperature.^-'^ 

Aerogels  can  be  prepared  by  direct  removal  of  solvent  (usually  ethanol  or  methanol)  under 
supercritical  conditions  or  by  a  safer,  low  temperature  process  involving  exchange  of  ethanol 
with  liquid  CO2.  Some  workers  have  found  that  CO2  processing  of  base-catalyzed  gels  produces 
slightly  clearer  aerogels  than  direct  (high  temperature)  processing.'*  Transmission  spectra  of  base 
catalyzed  TEOS  aerogels  formed  using  the  CO2  proce.ss  show  absorption  due  to  adsorption  of 
H2O  in  the  gel.  The  clarity  of  these  aerogels  improves  upon  heating  in  air  at  elevated 
temperatures.* 

A  near-zero-shrinkage  (NZS)  aerogel  composition  and  process,  developed  at  Sandia  National 
Laboratories,  was  chosen  as  the  matrix  for  phosphor  particle  loading.  The  NZS  aerogel  reduces 
stresses  due  to  shrinkage  during  aging  (syneresis)  and  during  critical  point  drying.  Stresses 
arising  from  particle/matrix  interactions  and  matrix  collapse  around  the  particle  are  also 
minimized.  Particle  loaded  aerogels  exhibit  improved  mechanical  strength,  an  obseivation  that 
may  be  analogous  to  the  strength  imparted  to  concrete  by  aggregate. 

22.  Composite  clarity 

For  optical  clarity  of  the  composite,  diffu.se  scattering  resulting  from  phosphor  agglomeration 
must  be  minimized.  The  size,  distribution,  shape  and  light  absorption  of  the  phosfdior  will 
influence  the  total  internal  scattering  of  the  composite.*  Maximum  light  output  is  achieved 
under  conditions  where  the  pho.sphor  particles  are  small  and  act  as  "point  sources"  of  light. 
Ideally,  the  emitted  light  is  neither  absorbed  nor  scattered  by  the  matrix  or  by  other  particles. 
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3.  EXPERIMENTAL  METHODS 


3.1.  Preparation  of  aerogel/phosphor  composites 

A  partially  condensed  silica  sol  containing  1  mole  H20/mole  TEOS  was  prepared  as  discussed 
previously.’  Commercial  phosphor  powder  (nominal  particle  size  ~20  microns)  was  added  to  the 
sol  to  give  the  required  loading  (grams  phosphor/milliliter  of  sol)  and  the  mixture  was  agitated 
to  break  up  phosphor  agglomerates.  Dilute  NH4OH  was  added  to  give  a  final  concentration  of 
-0.04  M.  After  gelation,  the  phosphor/gel  composite  was  aged  at  50°C  to  strengthen  the 
polymeric  network.  The  samples  were  sealed  into  a  commercial  critical  point  drying  chamber 
(Polaron  Equipment  Ltd.)  and  flushed  with  liquid  CO2  at  -900  psi  replacing  ethanol  within  the 
gel  pores  with  CO2.  The  chamber  temperature  was  raised  above  the  critical  temperature  for 
CO2  (31.5°C),  causing  an  increase  in  chamber  pressure  to  - 1200  psi,  followed  by  a  slow  venting 
procedure  to  ambient  pressure. 

32.  Tritiation  of  aerogel/phosphor  composites 

For  the  RE  lights  considered  here,  tritium  is  the  preferred  radioisotope.  However,  other 
isotopes  may  be  considered  for  specific  applications.  In  general,  any  radiation  source  could  be 
used,  as  long  as  it  does  not  generate  radiation  damage  either  to  the  luminescent  species  or  the 
aerogel  matrix  during  the  expected  lifetime  of  the  device.  Examples  of  other  potential  isotopes 
are  Ni*^  and  C*'*.  Like  tritium,  both  of  these  are  pure  negative  beta  emitters  which  minimize 
external  radiation  levels.  Positive  beta  emitters,  in  general,  are  not  acceptable  for  RL  lights 
because  of  the  high  level  of  annihilation  gamma  rays  a.ssociated  with  them.  Alpha  particle 
emitters  are  also  not  acceptable  because  of  the  potential  for  excessive  radiation  damage  to  the 
luminescent  species  and  the  aerogel  matrix.  X-ray  and  low  energy  gamma  emitters  may  be 
usable  depending  upon  the  threshold  for  radiation  damage  and/or  radiation  safety 
considerations. 

The  brightness  of  the  RL  lights  is  measured  in  foot-lamberts  (fL)  using  a  luminance  meter 
(Minolta  LSI  10)  with  a  precision  of  0.02  fL.  Commercially  available  RL  tube  lights  have  a 
light  output  of  -0.3  fL.  For  comparison,  a  25  watt  frosted  light  bulb  and  a  motion  picture 
screen  have  luminance  values  of  about  2500  fL  and  10  fL,  respectively. 

The  phosphor/aerogel  RL  light  system  being  investigated  can  be  powered  by  tritium  in  various 
forms;  low  pressure  gas,  high  pressure  gas,  tritiated  water,  tritoxyl  bonding  to  the  silica  matrix, 
and  organic  occluders  dispersed  within  the  phosphor/aerogel  composite.  Each  of  these  tritium 
forms  have  unique  technical  advantages  and  limitations  depending  upon  the  ultimate  use  of  ttie 
RL  light.  For  example,  the  use  of  tritium  which  is  chemically  bound  to  an  organic  will  provide 
a  safe,  proliferation-resistant  light,  but  w'ill  have  poor  resistance  to  radiation  damage.  Our 
experiments  have  incorporated  tritium  in  the  aerogel  pores  as  a  low'  pressure  gas  or  on  the 
aerogel  surface  as  tritoxyls  (by  H=T  exchange  and  tritolysis  of  siloxane  bonds).  Incorporation  of 
tritium-loaded  organics  into  these  aerogel/phosphor  composites  is  reported  elsewhere.'*' 
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4.  RESULTS  AND  DISCUSSION 


4.1.  Tritium  gas  experiments 

An  aerogel  containing  GTE  1260  phosphor  powder  (.ZnS:Cu;Al)  at  a  final  concentration  of  0.5 
grams  of  phosphor/ml  of  sol  was  prepared  as  described  above.  Samples  were  evacuated  and 
backfilled  with  T2  gas  at  E.G.&  G.  Mound  Applied  Technologies,  Miamisburg,  OH.  The 
brightness  of  the  lights  was  monitored  as  a  function  of  increasing  T2  pressure  and  compared  to 
a  similar  experiment  performed  with  bulk  GTE  1260  powder.  1  he  results  of  this  experiment 
are  summarized  in  Fig.  j. 


Fig.  3,  Luminance  (brightness)  measurements  of  aerogel/phosphor  and  bulk  phosphor  as 
function  of  tritium  gas  pressure. 

There  is  an  nearly  linear  increase  in  optical  brightness  as  a  function  of  gas  pressure  up  to  1030 
torr.  The  light  output  for  the  aerogel/phosphor  composite  is  greater  than  that  for  bulk 
phosphor  powder  shown  for  comparison.  However,  the  composite  brightness  is  lower  than  that 
of  a  commercially  available  RL  tube  light  (-0.3  fL).  One  possible  explanation  is  that  the  beta 
particles  are  partially  absorbed  by  the  aerogel  matrix.  The  aerogel/phosphor  composite 
properties,  e.g.,  aerogel  porosity,  phosphor  concentration,  and  phosphor  dispersion,  were  not 
optimized  for  maximum  light  output  when  loaded  with  T2  gas. 

To  study  the  relationship  of  brightness  and  phosphor  concentration,  aerogel  composites  with 
phosphor  concentrations  ranging  from  0.01  to  0.5  g/ml  were  loaded  with  T2  gas.  The  results  of 
this  experiment  are  summarized  in  Fig.  4,  This  curve  suggests  that  phosphor  concentrations 
greater  than  0.5  g/ml  will  result  in  even  brighter  lights.  In  fact,  we  have  found  that  higher 
phosphor  concentrations  result  in  phosphor  agglomeration  in  the  aerogel  and  lower  light  output. 
Increased  phosphor  concentration  and  brighter  lights  may  be  achieved  through  the  use  of 
dispersants  or  surfactants.  The  reduced  agglomeration  will  minimize  scattering  of  light  and  the 
phosphor  will  behave  as  a  more  ideal  "point  source"  of  light.  However,  there  will  be  a  phosphor 
concentration  beyond  which  the  composite  is  no  brighter  than  the  bulk  phosphor  powder.  In 
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this  case,  as  with  the  bulk  powder,  most  of  the  light  originates  in  the  near-surface  region  and 
the  overall  brightness  is  substantially  lower. 
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Fig.  4.  Luminance  measurements  of  aerogel/phosphor  composites  over  a  range  of  phosphor 
concentrations  at  1030  torr  tritium  gas.  For  comparison,  the  luminance  of  bulk  phosphor 
powder  (density  -2  g/cc)  is  shown. 

4.2.  T2/T2O  experiments 

Several  small  pieces  of  an  aerogel  phosphor  composite  (0.5  gm/ml  GTE  1260)  were  exposed  first 
to  T2  gas  and  subsequently  to  T2O  vapor.  At  760  torr  of  tritium  gas  the  brightness  of  the 
pieces  was  0.08  fL.  Immediately  upon  exposure  to  T2O  vapor  the  brightness  of  the  pieces  began 
to  increase.  A  maximum  brightness  of  4.6  fL  was  achieved  after  about  10  hours  vapor 
exposure.  This  level  of  brightness  is  more  than  4  times  greater  than  the  brightest  RL  tube  light 
(~  1  fL)  and  about  10  times  brighter  than  typical  commercially  available  tube  lights  -  a  record 
brightness  for  a  tritium  based  light.  After  about  15  hours  exposure  the  brightness  began  to 
diminish  and  the  samples  appeared  to  have  shrunk,  probably  due  to  pore  collapse  within  the 
aerogel  caused  by  the  large  quantity  of  physisorbed  water  in  the  pores.  When  the  T2O  vapor 
was  removed  from  the  sample  a  residual  brightness  of  -0.2  fL  was  measured.  This  may  be  due 
to  chemiso'ption  f  T7O  onto  the  aerogel  surface  as  tritoxyls.  As  before,  these  composites  were 
not  optimized  in  any  way  10  maximize  the  uptake  of  tritium  onto  the  aerogel  surface. 

4.3.  Long-term  brightness  and  gas  analysis 

Long-term  luminance  measurements  are  being  made  on  several  tritium-gas-loaded  samples. 
Interestingly,  the  light  output  from  these  samples  continues  to  increase.  Fig.  5  shows  a  typical 
sample  with  an  initial  brightness  of  0.12  fL  after  loading  with  tritium  gas.  After  - 135  days 
exposure  to  the  same  volume  of  tritium  its  brightness  increased  to  0.32  fL.  The  tritium  gas  was 
pumped  off  at  135  days  and  the  sample  retained  a  brightness  of  0.2  fL.  At  - 181  days,  the 
sample  was  evacuated  and  reloaded  to  998  torr  with  T2  gas.  This  re-exposure  to  tritium 
resulted  in  an  even  higher  luminance  (0.44  fL). 
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Fig.  5.  Long  term  luminance  measurements  of  an  aerogel/phosphor  composite  (0.25  g/ml) 
following  T2  gas  loading. 

Residual  gas  analysis  was  performed  on  three  similar  tritium-gas-Ioaded  composites.  After  ~  135 
days,  the  gases  were  removed  from  the  composite  samples  and  were  found  to  contain  >60% 
hydrogen  and  only  -30%  tritium.  Two  samples  also  exhibited  traces  of  CT4.  These  results 
suggest  that  a  beta-catalyzed  exchange  reaction  of  H=T  is  occurring  mainly  at  hydroxyls  (OH) 
located  on  the  aerogel  surface  and  at  H-containing  organics  in  the  aerogel  matrix.”  All  three 
gas  analyses  showed  -4%  He’,  a  radioactive  decay  product  of  tritium. 

The  residual  light  measured  after  T2  removal,  as  shown  in  Fig.  5,  can  be  attributed  to  tritium 
that  is  chemically  bound  to  the  aerogel  surface.  The  increased  brightness  seen  when  tritium  is 
re-introduced  results  from  an  even  higher  concentration  of  tritium  in  close  proximity  to  the 
phosphor  (chemically  bound  T  +  T2  gas).  Extremely  high  brightness  levels  may  be  achieved  by 
controlled,  sequential  loading  of  tritium  onto  the  aerogel/phosphor  composite. 

4.4.  Discussion  of  H^T  exchange 

Loading  of  tritium  onto  the  composite  surface  can  be  accomplished  by  three  methods:  1) 
complete  hydroxylation  followed  by  exposure  to  tritium  gas,  2)  complete  dehydroxylation 
followed  by  exposure  to  T2O,  and  3)  incorporation  of  H-containing  organics  followed  by 
exposure  to  tritium  gas. 

A  high  output  light  source  may  be  prepared  by  <'irst  fully  hydroxylating  the  aerogel  surface 
then  exposing  it  to  T2  gas,  whereupon  the  exchange  reaction  occurs,  allowing  the  replacement  of 
surface  protium  (H)  with  tritium  (T).  It  has  been  well  established  that  the  aerogel  surface  has 
the  capacity  for  4-5  hydroxyl  (OH)  groups  per  square  nm  of  surface.”  Based  on  an  aerogel 
density  of  150  mg/cc  and  a  surface  area  of  600-1200  m^/gm,  tiiere  is  the  potential  for  up  to  9  x 
10^  OH/cc!  Saturation  of  the  surface  with  OT  approximates  a  tritium  loading  equivalent  to  15- 
20  atmospheres.  The  exchange  reaction  can  be  accelerated  by  higher  temperatures  and/or 
pressures.  In  addition,  if  surface  protium  is  completely  replaced  and  if  extraneous  water  is 
absent,  the  aerogel/phosphor  source  is  radiochemically  stable. 
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Maximization  of  surface  tritoxyls  can  also  be  achieved  by  fully  dehydroxylating  the  surface 
followed  by  exposure  to  T2O.  A  preferred  process  involves  heating  above  250°C  to  form  defect 
silicate  structures  which  readily  react  upon  subsequent  exposure  to  T2O  to  form  Si-OTd^ 

Higher  T2O  loading  (and  higher  light  output)  may  be  obtained  by  continuing  to  expose  the 
aerogel  to  T2O  vapor  after  complete  tritoxylation  of  the  surface.  This  may  result  in  classical 
hydrogen  (T--OT2)  bonding  of  additional  T2O  onto  surface  OT  groups.  There  are  obvious 
practical  limitations  to  this  approach  due  to  the  extreme  toxicity  of  T20- 

HaT  exchange  also  occurs  with  H-containing  organics  located  on  the  aerogel  surface.  These 
may  be  residual  molecules  from  incomplete  solvent  removal  during  aerogel  processing  or  from 
incomplete  hydrolysis  of  TEOS.  Alternatively,  H-containing  organics  may  be  incorporated  into 
the  aerogel  to  increase  the  number  of  potential  exchange  sites  per  cc  of  aerogel  compared  to  the 
number  of  sites  available  with  tritoxylation.  With  careful  selection  of  the  organic  to  minimize 
radiation  damage  this  concept  would  allow  an  extremely  safe  and  stable  light  source. 

4.5.  Optical  depth  measurements 

In  an  ideal  volumetric  light  source,  the  brightne.ss  would  be  proportional  to  the  volume.  In 
practical  sources,  however,  scattering  and  absorption  limit  the  thickness  from  which  light  can 
escape.  This  thickness  is  the  optical  depth. 

To  confirm  the  volumetric  source  nature  of  the  aerogel/phosphor  composite,  phosphor  loaded 
samples  with  thicknesses  of  0.9,  1.8,  and  5.3  mm  were  filled  with  746  torr  of  T2  gas. 

Precautions  were  taken  to  assure  that  the  volumes  of  gas  over  the  samples  were  identical  and 
independent  of  sample  thickness.  Brightness  measurements  made  after  only  one  day  were 
inconclusive.  However,  additional  measurements,  taken  41.7  days  after  tritium  exposure, 
showed  dramatic  differences  in  brightness  as  a  function  of  sample  thickness.  This  is  evidence 
of  a  volumetric  effect  since  the  brightnesses  would  be  identical  for  a  surface  source.  From  this 
limited  data,  the  optical  depth  can  only  be  estimated  at  >1.8  mm. 


0  1  2  3  4  5  6 

Thickness  (mm) 

Fig.  6.  Brightness  measurements  of  aerogel/phosphor  composite  samples  (0.5  g/ml)  with 
thicknesses  of  0.9, 1.8,  and  5.3  mm.  Initial  measurements  were  taken  after  1.1  days  exposure  to 
T2  gas  and  final  measurements  were  made  at  41.7  days. 
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5.  SUMMARY 


The  goal  of  the  RL  light  program  is  to  overcome  the  limitations  of  conventional  RL  gas  tube 
technology  and  produce  brighter  lights  while  enhancing  safety.  Current  studies  have  focused  on 
the  development  of  a  volumetric  light  source  using  a  aerogel/phosphor  composite  activated  by 
tritium.  These  lights  have  potential  applications  where  electrically  powered  lights  are 
impractical.  They  may  also  be  used  to  illuminate  a  photocell  for  long-term  generation  of  low 
levels  of  electricity. 

Increases  in  tritium  gas  pressure  and  phosphor  concentration  result  in  more  light  from  the 
composite.  A  phosphor  loading  of  0.5  g/ml  consistently  produces  the  brightest  lights.  TTie 
addition  of  surfactants  to  the  sol  should  reduce  phosphor  agglomeration  at  higher  loadings  and 
result  in  even  brighter  lights. 

Composites  exposed  to  low  pressure  tritium  gas  were  not  initially  as  bright  as  commercially 
available  RL  tube  lights.  However,  the  brightness  of  these  composites  actually  increased  with 
time.  Our  preliminary  results  suggest  a  H^T  exchange  reaction  with  any  H  present  in  the 
composite,  either  as  OH  or  H  in  residual  organic  molecules.  A  record  setting  aerogel/phosphor 
composite  RL  light  was  made  by  physisorbing  TjO  onto  a  composite  surface. 

Optical  depth  experiments  showed  that  light  output  increased  as  a  function  of  sample  thickness. 
This  is  evidence  of  a  true  volumetric  effect  since  the  brightness  is  independent  of  thickness  for 
a  surface  source.  The  optical  depth  was  estimated  at  >1.8  mm. 

Further  work  includes  optimization  of  aerogel  clarity  and  density,  phosphor  loading  in  the 
composite,  and  composite  pretreatment  to  maximize  tritium  uptake  on  the  aerogel  surface. 
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ABSTRACT 


Sol-gel  processing  is  used  to  make  two  new  types  of  silica  optics.  Type  V  fully  dense  silica  and  Type  VI 
optically  transparent  ultraporous  silica.  Type  VI  silica  is  an  ideal  matrix  for  impregnation  with  second 
phases  that  are  optically  active,  resulting  in  a  hybrid  optical  material  with  a  unique  combination  of 
properties.  The  processing  and  characteristics  of  several  hybrid  optical  devices  are  discussed  including 
hybrid  dye  lasers,  scintillators  and  wavelength  shifters,  transpiration  cooled  windows,  and  laser  written 
waveguides.  Advantages  of  the  hybrid  optical  components  are  discussed  along  with  potential  applications. 

1.  INTRODUCTION 


In  recent  years,  sol-gel  processing  has  made  it  possible  to  produce  with  high  reliability  Type  V  fully  dense 
silica  as  well  as  Type  VI  optically  transparent  ultraporous  silica  optical  components.*'®  The  ultrastructure 
of  porous  silica  gels  can  be  controlled  to  meet  specific  application  requirements.®  Type  VI  gel-  silica,  first 
reported  by  Hench  et  al.*  in  1988,  is  a  porous  monolithic  material  exhibiting  excellent  optical  quality,*  good 
thermal  and  chemical  stability,^  and  reasonably  high  mechanical  strength.® 

There  are  several  advantages  of  Type  VI  gel-silica  optics:  1)  near  net-shape  casting  eliminates  grinding  and 
minimizes  final  polishing  and  finishing,  which  lowers  the  production  cost  of  the  material  and  makes  very 
small  precision  optical  components  possible;  2)  the  reliability  of  processing  offers  high  degree  of  success, 
which  further  reduces  overall  cost  of  silica  optics;  3)  the  porous  structures  can  be  controlled  over  a  broad 
range  of  different  pore  sizes  and  different  values  of  volume  fraction  of  porosity  to  meet  the  requirements 
for  hosting  second  phases  of  different  molecular  sizes;  4)  there  are  interconnecting  pore  channels  throughout 
the  whole  structural  network  and  second  phases  can  be  incorporated  into  the  matrix  through  these  channels; 
and  5)  the  surface  chemistry  of  the  pore  network  can  be  tailored  molecularly  for  the  organic  impregnants. 

Recently,  research  work  on  optical  devices  has  been  one  of  the  largest  growth  fields  in  high  technology 
industry  due  to  fast  signal  transmittance,  miniaturization,  and  high  efficiency.  Hybrid  optics  offers  another 
growth  opportunity  for  this  field.  The  second  phases  in  the  hybrid  optics  can  be  optically  active,  which, 
along  with  the  molecularly  tailored  host  material,  offers  a  wide  range  of  multifunctional  characteristics  in 
optical  operations.  For  example.  Type  VI  gel-silica  is  an  excellent  candidate  host  material  for  making 
optical  devices  such  as  hybrid  dye  lasers,  scintillators  and  wavelength  shif ters,  transpiration  cooled  w  indows, 
and  laser  written  waveguides,  GRIN  optics,  and  micro-optical  arrays. 

The  conventional  methods  of  making  optical  silica  involve  either  very  high  temperatures  or  complicated  and 
costly  processes.  For  example,  melting  of  the  natural  quartz  at  high  temperatures  results  in  low  purity 
vitreous  silica  which  usually  degrades  the  intrinsic  properties  of  the  optical  material.*  ® 


Diffusion  (ion -exchange)  and  chemical  vapor  deposition  (CVD)  are  successful  techniques,  especially  in  glass 
waveguide  fabrication  and  the  optical  fiber  field,  but  they  have  some  major  disadvantages.  Since  diff usion 
processes  are  relatively  slow,  in  most  cases  heating  is  needed  to  enhance  the  process.  The  CVD  method  is 
versatile,  but  rather  complex,  expensive,  and  difficult  to  tailor  to  small  sizes  or  complex  shapes. 
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Type  VI  porous  gel-silica  offers  the  opportunity  to  incorporate  optically  active  phases  into  the  porous 
structure  at  room  temperature  within  hours  and  doesn’t  require  complex  equipment  or  precision  controls. 
This  type  of  vitreous  silica  offers  a  broader  range  of  volume  fraction  of  porosity  (0.02-0.72)  and  the  average 
pore  radii  (1.2-10.0  nm)  as  compared  to  a  leached  sodium  boro-silicate  glass  (0.23-0.25,  and  3-4  nm, 
respectively).®  Combined  with  excellent  chemical  and  thermal  stability,  and  high  mechanical  strength  and 
reliability,  this  new  generation  of  optically  active  gel-silica  hybrid  optics  provides  promising  characteristics 
for  new  optical  devices. 

The  objectives  of  this  paper  are:  1)  review  sol-gel  processing  of  Type  VI  gel-silica  with  variable  porous 
structures  and  properties;  2)  discuss  the  processing  of  the  composite  materials  and  the  characteristics  of 
various  hybrid  optical  devices  such  as  solid  state  dye  lasers,  scintillators  and  wavelength  shifters, 
transpiration  cooled  windows,  and  laser  written  optics.  Data  for  the  characterization  of  these  hybrid  optical 
devices  are  presented  along  with  a  discussion  of  the  advantages  and  potential  applications. 

2.  SILICA  GEL  MATRICES 


There  are  two  methods  of  preparing  hybrid  optical  materials  using  sol-gel  technology:  (1)  doping  second 
phases  at  the  sol  stage;  and  (2)  impregnating  second  phases  into  a  rigid  gel  matrix  after  the  gel  has  been 
dried  and  stabilized.  Stabilization,  as  shown  in  Fig.  1 ,  is  considered  as  a  prerequisite  step  for  impregnation 
of  the  second  phase  of  either  an  aoueous  or  non-aqueous  solution.  In  this  paper,  we  focus  on  the  second 
method  because  it  offers  the  flexibility  to  incorporate  different  optically  active  phases  with  different 
molecular  weights  and  sizes  once  the  porous  matrices  are  made. 
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Fig.  I.  Sol-gel  processing  sequence  for  Type  VI  ultraporous  silica. 
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A  major  advantage  of  the  second  method  is  that  the  gel  matrix  can  be  pre-heated  to  obtain  desirable 
environmental  stability  and  strength  prior  to  impregnation.  In  most  cases,  the  second  phases  are  organic 
materials  which  decompose  at  relatively  low  temperatures.  Doping  of  such  organic  substances  at  the  sol 
stage,  i.e..  Method  I,  eliminates  the  possibility  of  heating  the  composite  materials  at  high  temperatures 
without  losing  the  useful  properties  of  the  organic  substances. 


Typical  steps  of  the  sol-gel  processing  of  Type  Vi  vitreous  silica  are  illustrated  in  a  flow  chart  in  Fig.  1.^ 
Careful  selection  of  the  catalysts  during  hydrolysis  (mixing)  of  the  alkoxide  precursors  is  essential  in 
controlling  the  solution  chemistry  which  further  controls  the  average  pore  size  of  the  rigid  gel  after  drying. 
It  is  interesting  to  note  that  the  subsequent  heat  treatments  of  the  rigid  gel  do  not  change  the  average  pore 
size  much  as  long  as  the  heating  is  below  a  certain  temperature  (<1000°C).  By  using  HF  along  with  HNO3 
as  the  catalysts,  the  average  pore  radius  of  the  gel  changes  over  a  broad  range  (1.2-10.0  nm).^'^  Heat 
treatments,  however,  do  change  other  po' ?  properties  such  as  the  volume  fraction  of  porosity  and  the 
surface  area  of  the  gel  as  shown  in  Fig.  ...  Based  on  these  results,  the  required  pore  properties  can  be 
produced  both  by  controlling  the  solution  chemistry  during  hydrolysis  of  the  alkoxide  and  by  the  subsequent 
heat  treatments. 

Thermal  stability  is  an  important  property  when  a  gel  is  expected  to  experience  temperature  changes  in  its 
applications.  Wang,®  Zhu,  et  al.^  and  Elias^  studied  the  thermal  stability  of  porous  gel-silica  monoliths  as 
a  function  of  processing  history.  Their  work  included  the  processing  and  characterization  of  gels  with 
different  pore  size  distributions,  and  they  used  dilatometry  to  identify  thermal  stability  of  the  gel.  A 
thermal  hysteresis  loop,  which  was  plotted  as  the  relative  length  change  against  the  specimen  temperature, 
was  obtained  after  heating  and  cooling  the  gel  in  a  dilatometric  measurement.  The  integrated  area  of  the 
hysteresis  loop  was  used  as  a  parameter  to  quantify  the  thermal  stability  of  the  specimen.  When  the  area 
of  the  loop  reaches  zero,  the  gel  becomes  thermally  stable.  The  area  below  the  curve  in  Fig.  3  represents 
a  thermally  stable  region  in  which  the  gel  does  net  have  any  dimensional  changes  before  and  after  it  is 
heated  below  a  specific  temperature  and  then  cooled  to  room  temperature,  i.e.,  in  order  to  use  a  gel  at  a 
certain  temperature,  this  gel  has  to  be  heated  to  a  temperature  high  enough  to  reach  thermal  stability. 


Fig.  2.  Variation  of  volume  fraction 
of  porosity  (V^)  as  a  function  of 
processing  for  silica  gels  with  average 
pore  radii  of  1.2,  3.2  and  8.1  nm.® 
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Fig.  3.  Application  temperature  (Ta) 
vs  processing  temperature  (Tp)  for  a 
gel  with  1.2  nm  pore  radius.  The 
area  below  the  curve  corresponds  to 
a  thermally  stable  zone.® 


Figure  4  is  a  typical  transmittance  spectrum  for  Type  VI  gel-silica  heated  to  900-950°C.  Because  of  the 
very  smalt  size  of  pores  (1.2  nm),  the  material  is  optically  transparent.  Chemical  stability,  mechanical 
strength  and  thermal  shock  resistance  are  also  very  important  properties  for  some  applications.  By  heating 
to  800-900“C  for  stabilization,  the  concentration  of  silanols  on  the  surface  of  the  pore  network  can  be 
controlled,  thereby  making  the  material  chemically  stable  when  exposed  to  an  aqueous  environment.  High 
mechanical  strength  and  thermal  shock  resistance  ensure  that  the  gel  will  withstand  the  stresses  which  may 
develop  during  drying  of  the  gel  after  impregnation  and  which  may  result  from  the  temperature  changes 
in  an  optical  system.  These  physical  characteristics  of  the  gel-silica  monoliths  are  maintained  when  doped 
with  second  phases. 


Fig.  4.  Typical  transmission  spectrum  of  Type  VI  ultraporous  silica  heated  to  900-950°C. 


3.  HYBRID  DYE  LASERS 

For  the  last  two  decades,  solid  state  dye  lasers  have  been  studied  by  a  number  of  scientists  worldwide  in 
order  to  obtain  lightweight  and  storable  solid  state  systems,  inexpensive  to  fabricate  and  safe  to  handle. 

There  are  several  advantages  of  a  solid  state  dye  laser  system  over  a  fluid  counterpart;  (1)  a  fluid  pumping 
and  flow  system  is  eliminated,  making  it  more  compact,  easy  to  handle  and  less  expensive  to  operate;  (2) 
the  dye  molecules  are  separated  by  the  pore  walls  such  that  dimerization  and  aggregation  can  be  minimized; 
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(3)  thermal  and  photo  stability  are  improved  since  the  gel-silica  can  tolerate  heat  well  above  decomposition 
temperatures  of  most  organic  solvents;  (4)  initial  impurities  in  the  dye  are  isolated  and  do  not  interfere  by 
destructive  (photo)processes;  and  (5)  the  solid  cage  of  the  porous  matrix  reduces  internal  rotational  modes 
in  the  dye.  Rotational  relaxation  of  the  e.xcited  state  of  the  dye  molecules  is  one  of  the  main  modes  of  non- 
radiative  energy  loss. 

In  most  solid  state  dye  laser  systems,  inorganic  crystals,  glasses  and  polymers  are  used  as  host  materials  or 
saturable  absorbers.^’’ Recently,  porous  structures  have  been  used  to  incorporate  dye  molecules  in  the 
solid  state  systems. Type  VI  gel-silica  is  superior  among  these  porous  structures  due  to  its  excellent 
optical  quality,  flexibility  of  controlling  the  pore  size,  range  of  volume  fraction  of  porosity  and  surface  area, 
high  chemical  and  thermal  stability,  and  high  purity  and  homogeneity.  High  purity  of  the  gel  structure  via 
sol-gel  processing  gives  the  dye  molecules  a  better  chemical  environment.  In  addition,  Type  VI  gel-silica 
has  high  transmittance  in  a  broader  spectral  region  as  compared  to  plastic  host  media. 

In  our  recent  work,  rectangular  gel-silica  specimens  of  6  X  6  X  10  mm  were  stabilized  to  800°C  for  4  hrs. 
The  ends  of  the  rectangles  were  polished  to  600  grit  and  are  parallel  to  each  other.  Other  surfaces  of  the 
specimens  were  not  polished  and  were  kept  in  as-cast  condition. 

The  laser  dye  used  in  this  study,  developed  by  Lee,^®  was  4-{2-(5-phenyl-oxazolyl)}  1 -methylpyridinium 
p-toluenesulfonate  (4PyPO-MePTS).  This  dye  is  water  soluble  which  is  a  major  advantage  in  processing, 
handling,  and  use  of  the  composite.  The  dye  also  has  exceptionally  high  photostability. 

Type  VI  gel-silica  monoliths  with  pore  sizes  ranging  from  1.2  to  11  nm  were  filled  with  the  dye  solution, 
and  tested  using  methods  discussed  in  another  publication.^^  The  impregnated  gel-silica  monoliths  exhibited 
good  environmental,  chemical  and  thermal  stability. 

In  brief,  the  impregnated  gel  was  tested  in  a  single  cavity  using  nitrogen  laser  pumping  at  337.1  nm  in  a 
transverse  configuration  where  the  rectangular  nitrogen  laser  beam  was  focused  to  a  line  within  the 
specimen.  The  maximum  average  power  of  the  system  was  50  mW,  the  maximum  energy  per  pulse,  2.5  mJ, 
and  the  pulse  duration,  800  ps. 

Laser  dye  solutions  were  compared  with  the  dye  impregnated  gel-silica.  The  samples  were  pumped  by  the 
nitrogen  laser  beam  splitted  from  the  primary  laser  source  in  an  amplifier  stage  to  increase  the  population 
density  of  the  signal.  The  amplification  factors  obtained  are  based  upon  this  single  path  mode.  The 
particular  wavelength  was  selected  through  a  grating  system. 

The  transmittance  spectra  from  200  to  900  nm  are  shown  in  Fig.  5.  The  major  features  of  these  spectra  for 
4PyPO-MePTS  water  solutions  and  for  the  dye  impregnated  gel-silica  specimens  are  an  absorption  at  the 
region  between  300  and  430  nm  due  to  the  presence  of  the  dye.  Therefore,  it  is  possible  to  use  a  nitrogen 
laser  at  337.1  nm  as  the  primary  source  for  pumping.  The  high  transmittance  of  the  gel  matrix  throughout 
the  whole  spectral  region  indicates  that  this  is  an  ideal  host  material  for  the  impregnated  optical  devices. 

Figure  6  shows  the  fluorescence  spectra  at  509.5  nm  for  the  dye  laser  specimens  under  different  test 
conditions.  In  these  experiments,  the  dye  solution  was  compared  with  the  dye  impregnated  gel-silica.  As 
shown  in  Fig.  6,  the  dye  solution  pair  have  the  highest  intensity  (43)  as  compared  to  32  for  the  solution/gel- 
silica  pair.  However  a  gain  of  23  was  observed  after  amplification  with  a  single  pass  of  the  laser  beam  at 
509.5  nm  through  the  dye  gel-silica  sample.  A  much  higher  gain  is  expected  when  the  ends  of  the 
rectangular  gel  specimen  are  optically  smooth  and  parallel  to  each  other. 
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Fig.  5.  Transmission  spectra  of  (1)  4PyPO-MePTS  solutions  in  either  3  x  10‘*  M  or  6  x  10'®  M;  and  (2)  the 
4PyPO-MePTS  impregnated  gels.  Two  dye  concentrations  were  used  in  impregnation. 


Fluorescence  Spectra  at  509.5  nm 


Fig.  6.  Fluorescence  spectra  at  509.5  nm  of  (1)  4PyPO-MePTS  impregnated  gel  with  the  amplifier 
(FNSGA);  (2)  the  dye  solution  and  the  impregnated  gel  with  the  amplifier  (FSGA);  (3)  same  as  in  (2)  but 
without  the  amplifier  (FSGNA);  and  (4)  two  dye  solutions  with  the  amplifier  (FSSA). 
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Figure  7  compares  the  tuning  curve  for  4PyPO-MePTS  or  R6G  impregnated  gel-silica  over  the  blue-green 
spectral  region  with  the  corresponding  dye  solution.  The  relative  energy  of  the  laser  output  for  4PyPO- 
MePTS  water  solution  shows  a  maximum  at  510  nm  (curve  1).  This  result  is  consistent  with  Contnoir’s 
data*^  where  he  also  used  water  as  the  solvent.  The  maximum  of  the  power  output  for  the  4PyPO-MePTS 
impregnated  gel-silica  appears  almost  at  the  same  wavelength  (curve  2).  By  using  a  grating  system, 
however,  the  signal  intensity  of  this  solid  state  sample  shows  a  maximum  at  a  slightly  shorter  wavelength 
(505  nm,  curve  3).  In  contrast,  the  tuning  peak  of  the  R6G  impregnated  gel-silica  shifted  to  longer 
wavelength  compared  to  the  dye  solution  (curves  4  and  5).  The  similarity  among  these  cases  is  that  the 
tuning  ranges  of  the  dye  solutions  are  wider  than  their  solid  state  counterparts  (Fig.  7  and  Table  1). 

The  spectroscopic  properties  of  both  liquid  and  solid  state  4PyPO-MePTS  and  R6G  dye  lasers  developed 
by  Berry  and  King^*  using  the  same  Type  VI  gel-silica  host  matrices  are  summarized  in  Table  1.  With  R6G, 
two  kinds  of  host  materials  are  compared  including  Type  VI  sol-gel  derived  silica  and  microporous  quartz 
glass  (MQG),  which  is  a  leached  sodium  boro-silicate  glass.  The  gel-silica  used  in  this  study  has  a  higher 
volume  fraction  of  porosity  (0.5)  and  smaller  average  pore  radius  (1.2  nm)  as  compared  to  MQG  with  <0.25 
volume  fraction  of  pores  and  3-1  nm  in  the  average  pore  radius.  The  maximum  of  the  fluorescence  spectra 
reported  by  Avnir,  et  al.^*^  and  Berry  and  King^*  are  very  close  to  each  other.  However,  Efendiev,  et  al.’s 
fluorescence  spectrum  shows  a  maximum  located  at  lower  wavelength  along  with  a  lower  value  of  the 
volume  fraction  of  porosity  of  the  glass  matrix.®  With  4PyPO-MePTS,  the  peak  shifted  to  a  lower 
wavelength  for  the  solid  state  dye  laser  compared  to  that  for  the  solution  case. 

4.  SCINTILLATORS  AND  WAVELENGTH  SHIFTERS 

Fast  radiation  hard  scintillators  have  been  developed  by  Nogues,  et  al.^®  using  Type  VI  gel-silica  as  the 
matrix  with  a  1.2  nm  average  pore  radius  and  0.35  volume  fraction  of  porosity  to  host  organic  floors  such 
as  B-PBD,  P-TP  and  P-QP.  The  silica  matrix  provides  high  7-ray  radiation  resistance  compared  to  the 
organic  plastic  scintillators  and  the  organic  fluor  provides  fast  scintillation  response.  Both  properties  are 
advantageous  for  high-speed  counting  necessary  for  high-energy  physics  applications. 
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Fig  7.  Tuning  curves  of  the  4PyPO-MePTS  or  R6G  impregnated  gel-silica  and  the  dye  solutions  I  -4PyPO- 
MePTS  water  solution;  2-4PyPO-MePTS  impregnated  gel-silica  with  data  from  the  total  energy  output;  3- 
4PyPO-MePTS  impregnated  gel-silica  with  data  after  grating;  4-  R6G  water  solution;’®  and  5-R6G 
impregnated  gel-silica.’® 
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Table  1.  Summary  of  spectroscopic  properties  of  selected  dyes 
--liquid  versus  solid  host 


Dve 

Solvent/solid  host 

Tuning  ranee 
(nm) 

max 

(nm) 

Reference 

4PyPO-MePTS 

HjO 

40 

508.8 

.7 

Gel-silica* 

15 

505.0 

This  work 

R6G 

H^O 

80 

553.4 

10 

Silica  gel 

70 

558.6 

10 

Methanol 

-- 

294.6 

18 

Gel-silica 

-- 

559.6 

18 

Ethanol 

— 

560.1 

8 

MQG** 

-- 

545.4 

8 

*  For  gel-silica,  the  average  pore  radius  is  1.2  nm  and  the  volume  fraction  of  porosity  is  0.5. 
**For  MQG,  the  average  pore  radius  is  3-4  nm  and  the  volume  fraction  of  porosity  is  0.23-0.25. 


The  problem  encountered  with  B-PBD,  P-TP  and  P-QP  is  that  their  fluorescence  spectra  typically  peaks 
at  wavelengths  below  400  nm  at  which  the  gel  matrix  has  certain  absorption.  To  solve  this  problem, 
Nogues,  et  al.*®  used  3-HF  as  a  wavelength  shifter  to  absorb  the  <400  nm  radiation  of  the  primary  fluor  and 
to  re-emit  in  wavelengths  of  «  500-600  nm.  These  wavelengths  are  advantageous  as  they  are  less  absorbing 
in  glass  than  the  shorter  wavelengths  and  also  result  in  high  quantum  efficiency  for  silicon  photodiodes. 
When  analyzed  for  scintillation  efficiency  with  a-,  (3-,  and  if-ray  sources,  the  light  output  was  reported  to 
be  onlv  6-7  times  lower  than  the  much  more  highly  developed  plastic  scintillators. 

5.  TRANSPIRATION  COOLED  WINDOWS 


A  novel  use  of  sol-gel  derived  porous  Type  VI  silica  monoliths  for  high  performance  rocket  guidance  system 
windows  was  demonstrated  by  Fosmoe  and  Hench.^°  Their  results  show  that  UV  transmission  is  maintained 
at  temperatures  above  1000°C  and  that  transpiration  flow  is  possible  through  optically  transparent  porous 
gel  monoliths.  Samples  with  average  pore  radius  in  the  low  mesopore  range,  approximately  5.0  nm,  were 
evaluated  in  an  attempt  to  increase  transpiration  velocities  to  well  above  1  cm/sec  needed  for  transpiration 
cooling. 

The  .shock  wave  preceding  a  rocket  under  high  mach  conditions  involves  an  intense  thermal  boundary  next 
to  the  exterior  surface  of  the  rocket. If  this  exterior  surface  is  an  optical  transmission  window  with  a 
temperature  dependent  bandpass,  the  increased  temperature  resulting  from  the  radiant  and  conductive  heat 
from  this  boundary  layer  to  the  window  will  dramatically  affect  its  optical  throughput.  Radiant  transfer 
can  be  decreased  with  a  reflective  surface  Such  a  reflective  surface  will  not,  however,  reduce  the  large 
amount  of  heat  transferred  by  conduction.  A  very  effective  method  for  lowering  the  conduction  is 
transpiration  cooling.  This  is  a  flow  of  fluid,  in  this  case,  a  gas,  through  a  porous  exterior  surface  which 
effectively  reduces  the  boundary  layer  temperature  gradient  with  respect  to  distance  from  the  surface.  This 
lowers  the  conduction  transfer  rate.  Transpiration  velocities  as  low  as  1  cm/sec  lead  to  a  significant  cooling 
effect.  Higher  transpiration  velocities  bring  more  significant  results. 

Maximum  He  transpiration  cooling  at  velocities  up  to  3  cm/sec  was  measured  for  a  5.0  nm  sample  at  3.2 
MPa.  Transpiration  velocities  of  only  0.6  cm/sec  result  in  cooling  effects  a  large  as  44°C  from  160°C.^° 


SPtE  Vo!  f 328  Sol  GpI  Optics  '  7990/  237 


It  is  apparent  from  Fosmoe  and  Hench’s  work^°  that  the  permeability  of  the  porous  gels  to  He  flow  is  quite 
high.  The  Reynold  numbers  calculated  in  their  study  are  on  the  order  of  10"^  at  low  pressures  to  10'*  at 
high  pressures.  These  values  indicate  that  the  flow  is  laminar  in  nature.  It  appears  that  for  the  most  part 
there  is  an  incompressible  laminar  flow  through  a  highly  porous  consolidated  medium  which  can  be  treated 
as  a  continuum.  It  is  expected  that  the  flow  rate  will  increase  in  proportion  to  the  pressure  gradient  across 
the  sample.  Additional  studies  are  in  progress  to  determine  the  effects  on  the  thermal  boundary  under 
conditions  closer  to  practical  applications. 

6.  LASER  WRITTEN  WAVEGUIDES 


In  1988,  Ramaswamy  et  al.^®  reported  for  the  first  time  the  fabrication  of  waveguiding  regions  in  porous 
gel-silica  by  laser  induced  heating.  Sol-gel  optical  waveguides  with  tracks  of  higher  refractive  indexes,  «40 
by  15  fitn  in  dimension,  were  produced  by  scanning  the  substrate  gel  glass  with  a  focused  CO2  laser  beam 
pulsed  with  variable  duty  cycles  to  permit  controlled  variation  on  the  average  power.  As  the  gel  surface 
densifies  under  local  heating,  the  surface  refractive  index  increases  producing  tracks  allowing  the  light  to 
be  guided.  An  obvious  advantage  of  laser  densification  is  that  this  process  is  amenable  to  automation  and 
does  not  require  photolithography. 

A  year  later,  Shaw  et  al.^^  confirmed  the  results  of  controlled  densification  of  silica  gels  using  a  continuous 
wave  COj  laser  at  10.6  /xm  and  with  a  193  nm  ArF  excimer  laser  radiation.  They  pointed  out  that  the 
threshold  for  permanent  densification  by  10.6  nm  radiation  on  the  partially  densified  sol-gel  derived  glass 
is  4.6  J/cm^  and  that  for  optical  damage  the  threshold  is  6.3  J/cm^. 

Figure  8  shows  the  variation  of  the  refractive  index  as  a  function  of  the  degree  of  densification  of  Type  VI 
gel-silica  substrates.  In  gel-silica  glasses,  the  higher  the  densification  temperature  and  the  longer  the 
holding  time,  the  greater  the  degree  of  densification.  Full  densification  occurs  around  1150°C  where  the 
refractive  index  reaches  1.465. 

By  radiating  the  surface  with  the  10.6  ^m  laser  beam,  an  increase  in  the  refractive  index  occurs  in  the 
exposed  region  of  the  gel  substrate.  The  magnitude  and  spatial  definition  can  be  controlled  by  an 
appropriate  choice  of  average  laser  power  and  the  beam  profile. 

The  index  change,  5n,  is  determined  by  measuring  the  refractivity  off  the  center  of  the  waveguiding  region. 
Using  the  samples  densified  at  900°C  for  12  hours  with  71%  densification,  typical  values  of  0.06  for  5n  were 
obtained  using  CO2  laser  treatment.  It  is  obvious  that  this  technique  is  capable  of  fabricating  waveguides 
with  complex  patterns  by  controlled  scanning  of  a  focused  laser  beam  and  is  amenable  to  automation  since 
the  index  change  can  be  monitored  during  the  process.  However,  single  mode  waveguide  fabrication  will 
require  use  of  excimer  laser  radiation  to  achieve  the  required  dimensions  of  the  densified  tracks. 

More  recently,  a  transient  model  for  heat  conduction  in  a  silica  gel  was  proposed  to  simulate  three 
dimensional  temperature  distribution  in  the  gel  irradiated  by  a  moving  CO2  laser. Both  the  refractivity 
of  the  gel  surface  and  the  strong  attenuation  of  the  laser  energy  in  the  gel  medium  are  accounted  for  by  a 
detailed  radiation  analysis.  The  energy  absorbed  by  the  gel  was  found  to  be  confined  in  a  10  /im  thickness. 
The  laser  irradiation  was  treated  as  a  boundary  condition.  The  heat  diffusion  equation  was  solved  by  an 
alternating-direction-implicit  method.  Parameters  tested  in  this  study  encompass  the  laser  power  and 
moving  speed,  the  heat  transfer  coefficient  and  the  thermal  diffusivity  of  the  gel  medium. 

The  significance  of  this  modeling^®  is  that  it  provides  an  analytical  basis  for  the  thermal  effect  of  laser 
densification  on  a  gel-derived  silica  glass.  The  properties  of  the  gel  glass  are  known  to  be  strongly  related 
to  its  processing  temperature  and  the  resulting  ultrastructure.  The  results  presented  in  this  work  permit  a 
prediction  of  the  change  in  the  glass  properties  with  temperature. 
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Fig.  8.  Variation  of  density  and 
refractive  index  as  a  function  of 
densification  temperature  for  a  Type 
VI  silica  gel. 
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7.  SUMMARY 


Sol-gel  processing  has  resulted  in  two  new  kinds  of  silica  optics.  Type  V  fully  dense  silica  and  Type  VI 
optical  transparent  ultraporous  silica.  Type  VI  gel-silica  is  ideal  for  precision  transmissive  optics  with  very 
high  transmission  throughout  the  VUV,  UV,  Vis,  and  NIR.  Type  VI  gel-silica  is  an  ideal  matrix  for 
impregnation  with  second  phases  that  are  optically  active.  The  flexibility  of  controlling  the  volume  fraction 
of  porosity,  average  pore  radius  and  the  surface  area  over  a  broad  range,  by  solution  chemistry  at  the  early 
stage  of  processing  and  subsequent  heat  treatments,  makes  this  an  unique  material  for  hybrid  optical 
components.  It  is  possible  to  cool  the  optics  by  transpiration  cooling;  to  impregnate  organic  polymers  into 
the  matrices  to  produce  new  optical  devices  such  as  scintillators  and  wavelength  shifters,  and  solid  state  dye 
lasers.  It  is  also  possible  to  fabricate  waveguides  by  localized  heating  using  a  laser  beam.  Additional 
applications  are  expected  in  the  near  future. 
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ABSTRACT 


Shaped  microporous  silica  has  been  prepared  by  a  sol-gel  process.  The  result¬ 
ing  silicas  have  50?  open  porosity.  The  open  porosity  is  filled  by  immersing  the 
shapes  in  methyl  methacrylate  (MMA)  and  polymerizing  with  ultraviolet  radiation. 

The  fully  impregnated  silica  is  recovered  in  net  shape. 

The  outstanding  feature  of  the  PMMA-impregnated  silica  is  its  transparency. 
There  is  little  loss  from  scattering  because  of  the  nanometer  scale  of  the  micro¬ 
structure  and  the  similarity  in  index  of  refraction  for  silica  and  PMMA.  The 
flexure  strength  of  the  silica-PMMA  composite  has  been  measured  in  4-point  bending. 
The  strength  increases  at  slower  strain  rates  because  the  PMMA  provides  crack  blunt¬ 
ing.  The  composites  can  withstand  thermal  shocks  up  to  about  150°C  without  losing 
strength.  The  thermal  expansion  coefficient  for  the  range  0  to  150°C  follows  a 
mixing  rule  for  50$  silica  -  50$  PMMA,  While  the  mechanical  behavior  of  the  compo¬ 
site  largely  follows  that  of  bulk  PMMA,  the  microhardness  is  3  to  5  times  greater 
than  for  bulk  PMMA, 


1.0  INTRODUCTION 


The  sol-gel  process  has  produced  in  recent  years  a  number  of  interesting 
optical  materials  in  both  bulk^  and  fiber^  form.  The  sol-gel  process  has  also  been 
used  for  optical  waveguides  on  glass  substrates.^  Another  class  of  optical  mater¬ 
ials  which  uses  the  sol-gel  process  to  prepare  a  microporous  host  is  the  class  of 
gels  doped  with  organic  dyes.  The  organic  molecules  incorporated  into  gels  include 
fluorescent  dyes,  laser  dyes  and  non-linear  optics.  The  inorganic  hosts  include 
alumina,^  titania-silica,^  aluminosilicates,®  zeolites,^  though  primarily  the  host 


has  been  silica. 


8,9 


In  all  of  these  cases,  the  host  material  needs  to  be  trans¬ 


parent.  In  addition  the  host  material  must  be  environmentally  stable. 


It  has  been  found  that  silica  gels  are  environmentally  stable  when  impregnated 
with  PMMA  (polymethyl  methacrylate)^^'^^'^^'^^  and  that  the  impregnated  gjels  are 
also  suitable  hosts  for  organic  molecules. In  most  of  these  studies,  ^ 
monolithic  silica  gels  were  infiltrated  with  MMA  (monomer)  following  processing  that 
involved  catalysis  with  HF  and  firing  to  800°C.  After  this  treatment,  the  xerogels 
were  33?  porous  and  had  a  median  pore  diameter  of  10  nm.  The  porosity  was  infil¬ 
trated  with  monomer  solution  which  polymerized  in-situ.  The  resulting  composites 
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consisted  of  two  fully  percolating  phases,  a  silica  matrix  and  an  organic  polymer 
impregnant.  Silica/PMMA  composites  were  used  to  encapsulate  electro-optical ly  ac¬ 
tive  organic  compounds  such  as  2-methyl-U-nitroaniline  (MNA).  Electro-optical  DC 
Kerr  Effect  and  solid  state  deuter-on  NMR  measurepients  were  made.'  In  a  comparison 
to  conventional  optical  cells,  silica/PMMA  composites  were  found  to  have  better 
optical  quality  and  retained  dimensional  stability  to  about  90®C.  The  composites 
were  abrasion  resistant  and  could  be  machined  to  complex  shapes. 

While  the  process  described  here  is  an  interesting  one  for  optical  cells,  it 
may  also  be  a  practical  process  for  large  scale  windows  once  the  process  is  simpli¬ 
fied.  When  comparing  sol-gel  optics  with  conventional  silica  optics,  the  sol-gel 
process  can  hardly  do  better  than  duplicate  the  properties  of  conventional  silica. 
However,  when  comparing  silica/PMMA  composites  with  bulk  PMMA  (Plexiglass'^^),  the 
composite  can  have  better  properties  in  terms  of  resistance  to  rain  erosion,  solvent 
crazing  and  weathering.  Improvements  in  these  properties  have  not  been  quantified, 
but  qualitatively  it  is  safe  to  say  that  the  composites  do  not  suffer  from  loss  of 
transparency  under  conditions  where  PMMA  does. 

The  objective  of  this  study  is  to  synthesize  a  silica/PMMA  composite  in  the 
simplest  way  possible.  Knowing  that  MMA  readily  adsorbs  on  acidic  silica  sur¬ 
faces, even  silica  gels  without  high  temperature  treatment  are  expected  to  fill 
with  MMA.  Once  silica/PMMA  composites  are  fully  impregnated  and  rigid,  mechanical, 
thermal  and  optical  properties  can  be  evaluated  and  the  environmental  stability  can 
be  assessed. 


2.0  SYNTHESIS 

Silica  gels  were  prepared  from  a  solution  of  tetraethylorthosilicate  (TEOS), 
distilled  deionized  water  and  ethanol.  Equal  volumes  of  distilled  TEOS  and  ethanol 
were  used.  The  molar  ratio  of  water:  TEOS  was  16.'®  The  solution  was  catalyzed 
with  0.1  M  HNO^  and  was  stirred  for  30  minutes.  Ten  ml  of  the  solution  were  poured 
into  polystyrene  tubes  and  capped.  The  solutions  gelled  while  in  an  oven  for  7  days 
at  50°C,  followed  by  10  days  at  70°C.  The  tubes  then  were  uncapped  and  samples  were 
dried  in  lots  of  100  at  50°C  for  14  days.  Xerogels  were  removed  from  the  tubes  and 
dried  2  more  days  at  50°C.  finally,  the  gels  were  outgassed  24  hours  at  250°C  to 
remove  physically  adsorbed  species. 

A  monomer  solution  of  1  g  benzoyl  peroxide  (97?)  catalyst  per  100  ml  MMA 
(miethy Imethacrylate,  inhibited)  was  prepared  (Aldrich  Chemicals,  Milwaukee,  WI). 
After  outgassing,  each  xerogel  was  immersed  immediately  in  a  borosilicate  vial  con¬ 
taining  11  ml  of  monomer  solution  (Figure  la).  The  solution  was  allowed  to  infil¬ 
trate  for  2  hours  and  then  the  sealed  vials  were  subjected  to  7  days  of  longwave  UV 
illumination  (Figure  1b)  with  a  UV  intensity  of  about  2000  micro  VJ/cm^.  Once  the 
PMMA  was  polymerized,  the  vials  were  cracked  off  and  the  PMMA  surrounded  silica  gels 
were  treated  at  200°C  in  a  mechanical  convection  oven  for  30  minutes  (Figure  1c). 
This  is  a  temperature  about  100°  above  the  glass  transition  temperature  of  bulk 
PMMA  and  is  also  high  enough  to  promote  a  moderate  rate  of  depolyroerization.  This 
treatment  turned  the  thick  PMMA  shell  rubbery  so  that  it  could  be  peeled  off  by  hand 
to  recover  net  shape  PMMA/silica  gel  composites  (Figure  Id). 

As  Figure  1  is  intended  to  show,  the  samples  are  roughly  cylindrical.  The 
diameter  at  the  center  of  the  composites  is  5.60  mm  and  the  length  is  about  33  Dim. 
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According  to  nitrogen  sorption  analysis  of  the  outgassed  silica  before  infiltration, 
the  surface  area  of  the  matrix  is  900  m^/g,  and  the  porosity  is  almost  completely 
microporous  (less  than  2.0  nm  in  diameter)  and  cylindrical  in  shape.  The  skeletal 
density  is  about  2.27  g/cm^,  and  the  open  porosity  is  52.5$.  Following  infiltration 
and  polymerization,  the  composite  is  close  to  theoretical  density  calculated  by  a 
mixing  rule.  The  total  weight  gain  during  infiltration  followed  by  polymerization 
is  50$.  The  density  of  the  composite  is  1.60  g/cm^. 


3.0  TRANSPARENCY 

Optical  transmission  was  measured  on  a  Perkin-Elmer  Lambda  9  UV-VIS-NIR  spec¬ 
trophotometer.  Rods  of  outgassed  silica  xerogel,  silica-PMMA  composite,  and  PMMA  of 
10  mm  length  were  cut  or  ground  to  length  on  a  diamond  saw,  briefly  hand  ground  dry 
on  600  grit  abrasive  paper,  and  polished  with  1  micron  diamond  paste.  Samples  were 
mounted  on  a  mask  with  a  4  mm  aperture  and  the  reference  beam  was  obscured  by  a 
similar  niask.  Scan  parameters  included  a  slit  width  of  2  nm,  a  scan  speed  of  480 
nm/min,  and  a  response  time  of  0.5  sec.  Automatic  background  correction  was  em¬ 
ployed.  The  transmission  curves  were  recorded  and  compared  to  see  any  changes  in 
transparency. 

The  silica  gel,  PMMA  and  the  composite  were  largely  transparent  over  the  range 
380-800  nm.  The  transmission  curves  are  shown  in  Figure  2.  Transmission  is  highest 
in  PMMA  alone.  Lower  transmission  is  seen  in  the  silica  gel  which  may  be  the  result 
of  scattering  from  a  few  large  pores.  The  transmission  for  the  composite  is  nearly 
identical  to  the  transmission  for  silica  gel  despite  the  difference  in  handbook 
values  for  index  of  refraction,  1.46  for  silica  and  1.49  for  PMMA. 

4.0  MECHANICAL  PROPERTIES;  STRENGTH  AND  MICROHARDNESS 


Strength  measurements  were  made  by  the  four  point  flexure  technique.  The  flex¬ 
ure  fixture  had  a  support  span  of  2.540  cm  (1.000")  and  a  load  span  of  1.270  cm 
(0.500").  A  gear  driven  Instron  materials  testing  machine  with  a  1000  lb  load  cell 
was  used.  Crosshead  speeds  were  between  .05  cm/min  (0.02"/ min)  and  5.08  cm/min 
(2.0"/min).  A  rapid  strain  rate  was  necessary  to  prevent  plastic  deformation  in 
bulk  PMMA.  Composite  samples  were  measured  after  exposure  to  ambient  conditions. 
Water  adsorption  in  composites  corresponded  to  an  increase  in  weight  of  1.8$  while 
in  PMMA  it  was  only  on  the  order  of  .1$.  Sample  test  sets  numbered  20  for  silica/ 
PMMA  composites  and  PMMA. 


Table  1  lists  the  strengths  of  silica-PMMA  composites  at  the  various  'strain 
rates.  The  distributions  of  Table  1  are  illustrated  in  Figure  3.  The  strength 
distributions  are  represented  by  a  two  parameter  Weibull  analysis.  '  At  the 
highest  strain  rate  estimated  to  be  3  x  lO'^/sec,  composites  bad  a  mean  strength  of 
about  30  MPa.  Upon  decreasing  the  strain  rate  by  one  decade,  to  3  x  10"^/sec,  the 
mean  strength  increased  to  about  100  MPa.  Strength  then  remained  about  the  same  as 
strain  rate  was  twice  again  decreased  by  one  decade.  The  dramatic  increase  in 
flexure  strength  upon  decrease  of  strain  rate  from  3  x  lO'^/sec  to  3  x  ip”^/sec, 
likely  is  due  to  the  "brittle-ductile"  transition  of  the  polymer  phase.'®  In 
polymers,  both  brittle  and  ductile  fracture  involve  plastic  deformation.  In  thermo¬ 
plastics  such  as  PMMA,  brittle  fracture  is  characterized  by  localized  crazing  and 
localized  volume  increase.  Ductile  behavior  is  characterized  by  constant  volume 
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shear  yielding  in  the  bulk  and  also  by  crack  tip  blunting.  The  brittle  and  ductile 
mechanisms  are  competitive  but  not  mutually  exclusive. 

The  apparent  brittle-ductile  transition  of  the  silica-PMMA  composite  results  in 
higher  strength  for  the  composites  at  low  and  moderate  strain  rates.  The  reason  for 
this  may  be  crack  blunting  and  shear  yielding  of  the  PMMA,  which  reduces  the  stress 
at  the  crack  tip,  thereby  increasing  flexure  strength.  In  comparison,  pure  PMMA  had 
a  mean  strength  of  about  120  MPa  when  PMMA  was  measured  at  the  highest  strain  rate. 
At  this  strain  rate  of  3  x  10“^/sec,  bulk  plastic  deformation  was  avoided.  However, 
PMMA  rods  fractured  at  a  strain  rate  of  3  x  10”^/sec  were  observed  to  be  permanently 
bent.  The  strengthening  mechanism  for  the  PMMA  in  the  composite  is  no  longer 
evident  when  strengths  were  measured  at  100°C.  Apparently,  the  decrease  in  stiff¬ 
ness  of  the  MMA  at  elevated  temperature  diminishes  its  ability  to  provide  crack 
blunting. 

Vickers  hardness  was  measured  on  a  Zwick  3212,00  hardness  tester.  Test  para¬ 
meters  included  an  impact  speed  of  0.3  mm/sec,  an  indent  time  of  30  sec,  and  a  load 
of  1.0  kg.  All  samples  were  left  in  rod  shape  and  were  I'ested  on  a  V-block.  The 
values  as  determined  by  the  Zwick  computer  were  corrected  for  cylindrical  surfaces. 
The  number  of  samples  per  test  was  10  and  each  sample  was  indented  once. 

Table  2  summarizes  the  results  of  hardness  tests.  Bulk  PMMA  exhibited  the 
lowest  hardness.  Porous  xerogels  were  more  than  twice  as  hard  as  PMMA.  The  silica- 
PMMA  composites  were  by  far  the  hardest. 


Table  j_:  Strengths  of  Silica-PMMA  Composites  vs  Strain  Rate 


Strain 

Rate  (sec“^ ) 

Strength 

(MPa) 

Weibull 

m 

Parameter 

r2 

3 

X 

10“2 

34  +/-2 

3.2 

.94 

3 

X 

10"3 

96  +/-5 

4.6 

.95 

3 

X 

10“^ 

99  +/-5 

4.7 

.96 

3 

X 

10"^ 

93  +/-6 

4.4 

.97 

Table  Vicker’s  Hardness 
Material  Vicker's  Hardness  (MPa) 


PMMA 

152 

+/-  1 

Silica  Xerogel,  exposed 

355 

+/-  3 

Silica  Xerogel,  fresh 

413 

+  /-  2 

Silica-PMMA  composite,  exposed 

881 

+/-11 

Silica-PMMA  com,posite,  fresh 

988 

+/-  8 

5.0  THERMOMECHANICAL  PROPERTIES:  THERMAL  SHOCK  AND  THERMAL  EXPANSION 


The  resistance  of  PKMA-silica  composites  to  therrual  shock  damage  was  evaluated 
qualitatively  and  quantitativelv.  Samples  were  heated  in  a  Diechanical  convection 
oven  and  then  quenched  in  ice-water  to  give  shocks  corresponding  to  between  75  and 
200°C.  The  frequency  of  damage  visible  to  the  naked  eye  was  then  recorded  and 
flexure  strength  was  measured  at  a  crosshead  speed  of  0.0508  cm/min  (0.02"/ir!in). 
Damage  was  observed  with  the  unaided  eye  at  a  temperature  difference  of  90°C  or 
greater.  At  a  temperature  difference  of  150°C  and  above,  all  samples  appeared 
damaged.  The  damage  was  in  the  form  of  cracks  that  extended  throughout  the  bulk  of 
the  sample.  The  number  of  cracks  observed  increased  with  increasing  temperature 
difference,  though  all  samples  retained  their  overall  shape.  The  mean  flexure 
strengths  for  each  set  of  5  samples  is  plotted  on  Figure  4  vs  temperature  differ¬ 
ence.  Strength  dropped  sharply  for  a  temperature  difference  of  150°C  or  greater. 

In  total,  24  of  the  50  samples  survived  the  ice  water  quench  test  without  visible 
damage. 

Thermal  analysis  was  performed  on  the  Perkin-Elmer  Series  7  Thermal  Analysis 
System.  A  heating  rate  of  10°C  was  used  in  all  tests  and  temperature  was  varied 
from  -25  to  200°C.  Coefficient  of  thermal  expansion  was  calculated  by  the  Perkin- 
Elmer  software.  Thermal  mechanical  analysis  in  flowing  helium  was  performed  on  7 
mm  long  rods  of  silica-PKMA  composite.  A  probe  load  of  100  mN  was  used. 


The  trace  is  shown  in  Figure  5.  The  mean  thermal  expansion  coefficient  is 
3.6  x  10“^/°C,  where  the  expansion  coefficient  for  bulk  silica  is  5  x  lO"”^  and  that 
for  bulk  PMMA  is  7  x  10"^.  The  composite  was  cycled  without  any  apparent  damage. 


6.0  SUMMARY 


In  summary,  the  synthesis  of  silica-PMMA  composites  has  been  simplified  and 
carried  out  in  large  quantities.  The  benefit  of  the  PMMA  impregnant  on  the  silica 
xerogel  is  to  render  it  less  sensitive  to  moisture.  The  improvement  of  environ¬ 
mental  stability  by  PMMA  impregnation  is  quite  evident  even  before  intentional 
application  of  stress.  While  porous  xerogels  typically  exhibit  limited  shelf  life 
due  to  the  stresses  caused  by  adsorption  and  desorption  of  water,  composites  in  the 
open  remain  Intact  even  after  years  of  exposure.  Only  composites  that  are  inten¬ 
tionally  scratched  exhibit  a  shelf  life  short  enough  to  be  observed. 


The  mechanical  properties,  flexure  strengths  and  hardness  have  been  evaluated. 
Overall,  the  mechanical  behavior  of  the  composite  is  more  like  that  of  bulk  PMMA 
than  bulk  silica  except  that  the  hardness  is  much  higher  than  bulk  PMMA.  The 
thermomechanical  properties  have  been  evaluated.  Despite  a  large  thermal  expansion 
mismatch,  the  composite  expanded  and  contracted  without  disruption.  The  maximum 
exposure  temperature  for  the  composite  is  recommended  to  be  no  higher  than  about 
100°C  for  extended  periods  of  time.  Preferably,  the  composite  would  only  see 
service  at  room  temperature  to  -50°C.  Finally,  the  composite  material  is  trans¬ 
parent  in  the  visible  range  so  its  use  as  a  window  is  conceivable. 
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Figure  3:  Strength  distributions  for  4 
strain  rates  in  silica/PMMA 
composites 


Figure  4:  Flexure  strength  of  samples 
after  being  subjected  to 
thermal  shock 


Figure  5:  Thermoraechanical  analysis  used  to  determine  thermal  expansion  coefficient 
for  silica/PMMA  composite  over  the  range  0  to  ZOO^C 
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ABSTRACT 

Organically  modified  ceramics  (ORMOCERs)  have  been  prepared  with 
respect  to  optical  applications.  The  investigations  show  that  mate¬ 
rials  can  be  synthesized  with  interesting  properties  for  a  variety 
of  potential  applications.  They  can  be  used  as  hard  coatings  for  the 
protection  of  optical  polymers,  e.g.  CR  39  or  fluorescent  dye  con¬ 
taining  PMMA.  The  incorporation  of  dyes  leads  to  active  optical  ma¬ 
trices,  e.g.  fluorescent  coatings  and  the  introduction  of  components 
with  high  refractive  increments  to  refractive  index  numbers  n^  < 
1.68.  For  microoptic  applications,  materials  suitable  for  photo¬ 
lithographic  patterning  or  direct  laser  writing  have  been  developed. 


1.  INTRODUCTION 

For  optical  applications  two  types  of  materials  have  gained  im¬ 
portance:  glasses  and  polymers.  Glasses  are  characterized  by  high 
processing  temperatures  and  a  costly  shaping  and  finishing  process, 
polymers  can  be  processed  at  lower  temperatures  but  show  a  poorer 
performance  with  respect  to  optical  properties  like  n^  or  q,  as 
shown  in  Fig.  1.^  In  addition  to  optical  data  distinctly  differing 
from  those  of  inorganic  glasses,  the  mechanical  surface  properties 
of  polymers  exclude  many  practical  applications.  Therefore,  pro¬ 
tective  coatings  tailored  for  polymers  have  to  be  developed  which 
are  suitable  for  the  mechanical  and  optical  data  of  polymers  and 
which  provide  sufficient  surface  protection.  ORMOCERs  can  be  located 
between  glasses  and  polymers,  as  described  in  2.2.  They  are  hybrid 
materials  the  properties  of  which  should  be  able  to  be  adapted  to  a 
variety  of  requirements.  The  basic  principles  of  ORMOCER  synthesis 
has  been  described  elsewhere.  Similar  principles  have  been  used 
by  Wilkes^  to  synthesis  high  refractive  index  composites.  First 
optical  ORMOCER  materials  have  been  synthesized  for  contact  lens 
applications.^  A  multicomponent  system  with  various  specific  pro¬ 
perties  such  as  high  oxygen  permeation,  intrinsic  hydrophilicity  and 
high  mechanical  strength  was  developed  on  the  basis  of  the  ORMOCER 
principle . 

T'-e  question  arises  how  far  ORMOCERs  can  be  used  as  a  principle 
for  materials  for  various  optical  applications.  In  this  paper,  data 
of  ORMOCERs,  as  they  have  been  developed  in  the  Fraunhof er-Institut 
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1.  Properties  of  optical  glasses  and  polymers  in  the  np./Vp^ 

The  written  symbols  refer  to  optical  glasses  of  Schott  Glas- 
company.  The  full  circles  refer  to  ORMOCERs  (see  also  Chapter 


fiir  Silicatforschung,  are  presented  for  an  overview  over  the  state 
of  the  art. 


2.  RESULTS  AND  DISCUSSIONS 
2.1.  Protection  of  surfaces 

If  materials  from  organic  polymers  are  used  for  high  performance 
optical  components,  the  surfaces  have  to  be  protected  from  mecha¬ 
nical  impact.  The  coating  materials  have  to  be  adapted  to  the  ther¬ 
mal  expansion  and  to  the  modulus  of  elasticity  of  the  substrate.  As 
shown  in  ,  the  thermal  expansion  coefficient  a  of  ORMOCERs  can  be 
varied  within  a  wide  range  (Fig.  2)  and  easily  be  adapted  to  a  poly¬ 
meric  substrate. 

Other  requirements  for  polymer  coatings  are  low  curing  tempera¬ 
tures  and  high  abrasive  resistance  (compared  to  the  substrate).  The 
question  of  "surface  hardness"  is  a  difficult  one  and  strongly  de¬ 
pends  on  the  practical  stress  conditions.  In  many  cases,  "soft"  ma¬ 
terials  (e.g.  rubber  tires)  under  special  circumstances  can  show  a 
better  performance  than  "hard"  materials.  As  experiments  have  shown, 
the  incorporation  of  inorganic  ("brittle")  components  into  a  poly¬ 
ethylene  oxide  polymer®  can  increase  the  abrasion  resistance  of  the 
polymer  substantially.  These  materials  are  composed  of  Ti02,  Si02 
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Fig.  2.  a  as  a  function  of  z;  z  =  fraction  of  organic  to  inorganic 
groups.  X  C^H^Sis;  O  epoxy-Sis;  •  methacryl-Sis;  ■  (CgH5)2Si=. 

and  Sio^  <2  {CH2)  20CH2-(5hch^  =  20  :  10  :  70  (molar  ratio).  The  homo¬ 
geneity  of  this  system  is  achieved  by  the  homogeneous  generation  of 
water  in  the  mixture  of  the  precursors  (alkoxides) .  This  leads  to  a 
controlled  hydrolysis  and  condensation  and  highly  reactive  compo¬ 
nents  like  Ti(OEt)^  are  linked  by  a  condensation  step  (equation  (1)) 

sTiOH  +  R0Si=  -*  sTi-O-Sis  +  HOR  (1) 

to  slower  reacting  components.  This  process  control  allows  to  syn¬ 
thesize  coating  materials  with  a  tailored  viscosity  and  a  shelf  life 
of  several  months.  An  industrial  production  for  CR  39  and  other  eye 
glass  lens  materials  has  been  established  with  this  material.®'^  The 
adhesion  to  CR  39  can  be  promoted  by  (RO)  ^Si  (CH^ ) -,NHp  as  adhesion 
promoter  (Fig.  3). 

H 

I 

RO  ^0  HO- Si^ORMOCER 
^Si-OR 

N-H 

H 

0 

II  ■  ,  '  '  ' 

c  ,  ■  , 

^  CR39  POLYMER, 


Figure  3.  Adhesion  model  of  the  ORMOCER  to  CR  39  surfaces. 
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The  low  curing  temperature  of  only  90  -  100  °C  can  be  explained 
by  the  sol-gel  condensation  which  takes  place  by  simply  evaporating 
the  solvent  and  the  fact  that  the  organic  polyethylene  chain  leads 
to  sufficient  matrix  relaxation  behavior  to  density  these  materials 
at  the  indicated  low  temperatures.  One  important  point  is,  that  due 
to  the  active  curing  (the  final  "infinite"  network  is  generated  by 
condensation  during  the  curing  step),  low  molecular  weights  (500  - 
1000  D)  can  be  used  in  the  coating  laguers.  Suitable  viscosities  can 
be  obtained  by  high  solid  contents  (up  to  80  wt . % ,  which  is  rather 
high  compared  to  polymer  based  laguers).  As  a  consequense,  high 
coating  thicknesses  can  be  obtained  by  one  step  processes  (5-10 
Aim)  .  The  abrasion  resistance  of  the  coatings  is  very  good  and  haze 
measurements  after  a  standardized  taber  abrader  treatment  (200  rev.) 
show  about  2  %  (flat  glass  ^  1  %,  CR  39  uncaoted  20  %) .  The  UV  sta¬ 
bility  of  the  coating  is  fully  sufficient  for  eye  glass  require¬ 
ments.  Due  to  the  TiO^,  the  material  shows  an  electronic  conductivi- 
ty  of  about  10  -^-10  a,  which  is  sufficient  to  be  used  as  a  trans¬ 
parent  electrode  material. 

For  higher  UV  stabilities,  Ti02  has  to  be  replaced  by  AI2O2  as 
network  forme^^s.  The  preparation  of  the  Al-containing  materials  is 
described  in  detail  in  The  materials  are  prepared  from  (I) 

(RO)  .Si  (CH2)  20CH2-<5hCH^,  (II)  A1(0R)3,  and  (III)  CgH5Si(OR)3, 

CH.  (CH2 )  2^1  (OR)  3  or  CH2=CHSi  (OR)  3  alternatively .  i'- -aminopropyltri- 
etnoxysilane  can  be  added  as  adhesion  promoter  for  PMMA,  analogueous 
to  the  Ti02  coatings.  The  scratch  resistance  of  this  type  of  coat¬ 
ings  is  high  and  in  the  same  range  as  the  Ti02  coatings.  Depending 
on  the  type  of  substituting  group  in  (III) ,  various  properties  can 
be  obtained:  propyl  leads  to  low  H2O  take-up  and  these  coatings  are 
very  stable  against  moist  conditions  (weathering  for  14  days  at 
100  %  r.h.  and  40  °C) .  The  ORMOCER  coatings  directly  employed  to  the 
sputtered  metal  layers^^  provide  sufficient  chemical  and  mechanical 
protection  (Fig.  4). 


ORMOCER  (5-10  m) 

metal  oxide 
Ag 

glass  substrate 


Fig.  4.  Metallization  protection  ORMOCER  coating. 


The  introduction  of  (RO) 3Si (CHp) 2OCOCH (CH3 ) =CH2  instead  of  (III) 
leads  to  photocurable  compositions  if  photocatalysts  (e.g.  IRGACURE 
184,  Ciba  Geigy  company)  are  added.  All  these  types  of  coatings  can 
be  prepared  with  homogeneities  suitable  for  optical  coatings. 
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If  necessary,  the  coatings  can  be  prepared  even  with  thicknesses 
up  to  100  ixm.  This  was  developed  for  coloured  coatings  with  fluores¬ 
cent  dyes  included.  As  shown  in  dyes  of  the  perylene  type  can  be 
incorporated  and  the  system  can  be  used  for  solar  collectors.  The 
incorporation  of  organic  components  into  such  systems  is  almost  un¬ 
limited.  NLO  molecules  can  be  introduced  as  shown  by  Dunn^^  and 
Prasad^^ . 


2.2.  Bulk  materials 


The  first  optical  bulk  materials  have  been  developed  for  contact 
lens  applications.^  In  this  case,  rods  (10  cm  in  lengths,  2.5  cm  in 
diameter)  have  been  molded  from  viscous  precursors  and  photocured  by 
MMA  polymerization) .  The  rods  were  cut  into  blanks  and  mechanically 
machined  to  contact  lenses. 

In  other  experiments,  containing  silanes  were  combined  with 

Ti02  or  Zr02  by  condensation  of  (CgH^) 2Si (OH) 2  and  Ti(OEt)4  or 
Zr(OPr)4  as  precursors  (50  %  toluene  as  solvent),  ^-glycidyloxypro- 
pyl  silane  and  methacrylic  acid  glycidylester  (MGE)  were  added  in 
order  to  reduce  the  brittleness  of  the  systems.  In  Fig.  5  the  n^ 
diagram  of  the  systems  without  MGE  and  in  Fig.  6  the  effect  of  MGE 
on  various  material  data  is  given.  The  results  are  in  accordance 
with  Lorentz-Lorenz  calculations,  if  the  correct  densities  are  used. 


Fig.  5.  Effect  of  M(OR)^  on  the  refractive  index  of  ORMOCERs. 

□  (100-x)CgH5)2Si(OH)2/xTi(OEt)4;  0  ( 100-x) C^H^) 2Si (OH) 2/xZr (OPr) ^ ; 
A  (80-x)  (CgH^)  2Si  (OH)  2/xZr  (OPr)  ,j/20^-glycidyloxypropyl  triethoxysi- 
lane  (molar  ratio  of  precursors) . 
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Fig,  6.  Density,  V  and  n^  of  ORMOCERs  as  a  function  of  the  addition 
of  MGE  in  the  system  40 (CgH^) 2Si (OH) 2/40Zr (OPr) 4/20^glycidyloxypro- 
pyl  triethoxysilane/xMGE;  molar  ratio) . 


The  results  show  that  np  values  between  1.57  and  1.68  can  be  ob¬ 
tained  with  ORMOCERs.  Lower  values  can  be  easily  prepared,  too.  For 
higher  values,  further  optimization  is  necessary.  As  shown  in  '  the 
density  of  ORMOCERs  does  not  increase  with  increasing  content  of  in¬ 
organic  components  as  it  should  be  expected  from  the  density  of  the 
crystalline  phase.  For  example,  a  40  wt.%  containing  glycidyloxypro- 
pyl  based  (=  POE  chain  containing)  ORMOCER,  which  is  expected  to 
have  a  density  of  about  2.5  g/cm^  only  shows  a  value  of  about  1.6. 
This  means  that  the  ORMOCER  is  not  a  ceramic  polymer  composite  in  a 
conventional  sense  (a  physical  mixture  of  crystalline  Zr02  and  the 
polymer) ,  but  a  composite  in  which  the  Zr02  plays  the  role  of  a 
threedimensional  network  former  similar  to  a  threedimensional  cross- 
linking  organic  group. 

The  materials  can  be  prepared  as  coatings  and  as  bulk  products. 
Most  of  them  show  a  very  good  abrasion  resistance  and  can  be  used  as 
protective  transparent  coatings,  too. 


The  incorporation  of  inorganic  ions  into  ORMOCERs  is  possible, 
too.  As  described  in  -t-he  incorporation  of  V'^'^  ions  into  a  3^-giy- 
cidyloxypropyl  silane  based  ORMOCER  leads  to  coatings  with  an  effec¬ 
tive  absorption  band  in  the  near  infrared  for  solar  protection.  If 
Zr02  or  Ti02  are  substituted  by  AI2O2,  n^  values  down  to  1.35  can  be 
obtained . 
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2.3.  Patternable  ORMOCERs 


For  microoptic  or  integrated  optic  applications,  the  formation  of 
geometrical  structures  is  an  important  feature.  Therefore,  ORMOCERs 
for  photolithographic  or  laser  writing  processes  have  been  develop¬ 
ed.  The  synthesis  of  these  materials  is  described  elsewhere.^®  The 
process  consists  of  three  steps,  the  preparation  of  an  ORMOCER  pre¬ 
cursor  for  coating  techniques  with  high  homogeneity  and  transpa¬ 
rence,  the  lithographic  step  after  coating  and  the  development  step 
of  the  patterns  and  final  curing. 

As  photopolymerizing  step  the  crosslinking  methacryloxy  groups 
bond  to  Si  were  chosen.  Eor  achieving  thick  coatings  with  a  one  step 
coating,  the  solid  content  of  the  precursor  should  be  as  high  as 
possible.  This  can  be  obtained  by  a  solvent-free  processing  using 
modified  silanes  only.  The  slowly  reacting  silanes  also  allow  the 
preparation  of  stable  coating  laquers  with  a  shelf  live  of  several 
months.  If  network  formers  with  high  reactivity  with  respect  to  con¬ 
densation,  e.g.  A1(0R)2  is  used,  parternability  can  be  provided,  but 
the  shelf  live  is  reduced  drastically.^^ 

A  suitable  system  consisting  of  organo  silanes  and  Si02  was 
developed  from  >'-glycidyloxypropyl  trimethoxysilane  :  > '-methacryl- 
oxypropyl  trimethoxysilane  :  vinyl  trimethoxysilane  :  Si(0Et)4  = 

39  :  39  :  18  :  4  (molar  ratio)  by  refluxing  the  precursors  for  se¬ 
veral  hours  with  about  50  %  of  the  water  necessary  for  complete  hy¬ 
drolysis.  By  spin-on  techniques  substrates  can  be  coated  up  to  about 
13  nm  thickness  in  a  one  step  process.  The  coatings  can  be  poly¬ 
merized,  if  about  0.1  wt.%  photoinitiator  (e.g.  IRGACURE  184)  is 
added.  If  a  laser  writing  technique  is  used,  as  shown  in  and 
the  width  of  the  patterns  depends  strongly  on  the  laser  intensity. 
After  light  exposure,  the  patterns  were  developed  either  with 
diluted  NaOH  or  acetone.^®  Under  these  conditions,  the  ORMOCER  is 
sufficiently  polymerized  but  not  to  be  redissolved.  The  width 
increases  w^th  laser  exposure  time  which  can  be  attributed  to  light 
reflection  from  the  interface  and  chain  propagation  into  "dark" 
areas.  Fig.  7  shows  an  example  of  a  patterned  ORMOCER. 


Fig. 

600 


7,  Developed  ORMOCER  patterns  received  by  laser  writing 
W/cm2,  scanning  rate:  2  mm/s  (bar  refers  to  10  (um) 
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This  technique  allows  to  generate  dielectrics  for  SMD  techniques 
for  microelectronics  as  well  as  wave  guides  for  optics.  In  combina¬ 
tion  with  active  components  (e.g.  inorganic  ions  or  organic  mole¬ 
cules  with  special  functions)  the  ORMOCERs  open  interesting  perspec¬ 
tives  . 


4.  CONCLUSIONS 


As  the  data  have  shown,  ORMOCERs  with  interesting  optical  proper¬ 
ties  and  a  potential  for  optoelectronic  applications  can  be  prepar¬ 
ed.  As  a  consequence  of  the  high  number  of  compositions  and  process¬ 
ing  parameters,  most  of  the  discussed  systems  are  not  yet  optimized. 
Three  groups  of  materials  already  have  been  developed  to  a  state 
which  clearly  shows  the  application  potentials:  transparent  hard 
coatings,  transparent  bulk  materials  and  materials  for  patterning. 
The  combination  with  active  components  will  be  an  interesting  task 
for  future  work. 
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Abstract 

The  synthesis  of  zirconia  modified  polymerized  methacryloxypropylsi- 
lane  as  a  new  material  with  a  potential  for  optical  application  has 
been  investigated.  The  material  is  synthesized  by  copolymerizing  3-me- 
thacryloxypropyl  trimethoxysilane  and  zirconium  propylate  chelated  by 
methacrylic  acid.  The  methacrylic  acid  serves  as  a  complexing  agent  and 
participates  in  the  polymerization  process  in  order  to  incorporate  the 
zirconia  homogeneously  into  the  polymer.  Transparent  bulk  materials 
have  been  prepared  by  this  process. 


1.  Introduction 


The  properties  of  ORWOCERs  prepared  by  the  sol-gel  process  can  be 
varied  in  a  wide  range  by  composition  and  processing  conditions.  Mate¬ 
rials  ith  a  high  refractive  index  thereby  generally  require  the  incor- 
porati'u  of  inorganic  components  like  ZrO^  or  TiO^  as  inorganic  network 
former?^'.  But  due  to  the  high  reactivity  of  zirconium-  and  titanium  alk- 
oxides,  the  addition  of  water  for  hydrolysis  must  be  carried  out  very 
carefully.  In  order  to  improve  the  processing  properties  of  these 
metala. koxides  chemical  modification  with  B-dicarbonyl  compounds  or 
carboxylic  acids  is  often  used^.  In  general,  complexing  ligands  can  be 
used  t  control  hydrolysis  and  condensation^'^,  but  this  does  not  neces¬ 
sarily  lead  to  a  molecular  distribution  of  the  metal  oxide  within  the 
polyme  ic  matrix,  as  to  be  concluded  from^.  For  the  molecular  scale 
fixaticn  of  metal  oxides  within  the  matrix  the  use  of  polymerisable 
comple  formers  seems  to  be  a  suitable  route  as  shown  in^.  In  this  case, 
6-diket  onates  with  polymerisable  ligands  were  used.  For  Zr(0Pr'^)^,  the 
complexation  with  methacrylic  acid  was  investigated.  Mechanical  proper¬ 
ties  of  ZrOj  containing  polymers  have  been  reported^'^.  In  this  paper, 
the  prepar  ition  of  bulk  materials  with  respect  to  optical  applications 
is  investigated.  Therefore,  a  three  component  system  prepared  from 
Zr(0Pr'")^,  methacrylic  acid,  and  3-methacry loxypropyl  trimethoxysilane 
was  investigated.  Therefore  a  synthesis  route  in  order  to  achieve  homo¬ 
geneous  monoliths  had  to  be  developed.  Therefore,  hydrolysis  and  con¬ 
densation  of  the  silane  as  well  as  of  the  complexed  zirconia  precursor 
was  investigated,  too.  _ 
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2 .  Experimental 


Hydrolysis  of  3-methacryloxypropyl  trimethoxysi lane  was  investigated 
v.’ith  0.15  -  0.3  mole  HjO/mole  silane.  Thereby  a  pH  of  5.5  was  adjusted 
by  bubbling  through  the  reaction  mixture  CO^.  Due  to  the  immiscibility 
with  water,  the  mixture  is  diphasic  and  was  stirred  for  16  hrs  in  order 
to  obtain  a  homogeneous  solution.  The  residual  water  content  after  this 
time  was  determined  by  Karl  Fischer  titration.  For  the  preparation  of 
a  Zr02  containing  polymethacry loxypropy 1  siloxane,  one  mole  of  the  si¬ 
lane  was  prehydrolysed  with  1.5  mole  water  as  described  before.  The 
prehydrolysed  clear  solution  was  cooled  down  with  an  ice  bath  to  0°C 
and  0.2  mole  zirconium  propoxide  and  0.2  mole  methacrylic  acid  were 
added.  After  30  minutes,  additional  0.4  mole  water  was  added.  For  poly¬ 
merization  a  photoinitiator  (IRGACURE  164,  Ciba  Geigy  company  5  wt.%) 
was  added  and  methanol  and  propanol  were  removed  by  vacuum  treatment. 
The  remaining  highly  viscous  liquid  was  poured  into  plastic  tubes  (4  mm 
in  diameter,  50  mm  in  length)  and  exposed  to  UV  irradiation  for  3 
minutes . 


3.  Results  and  Discussion 

3.1  Reactions  of  3-niethacryloxypropyl  Trimethoxysilane  (MPT) 

The  investigation  of  the  hydrolysis  reaction  of  MPT  was  carried  out 
since  previous  experiments  had  shown  a  strong  dependance  of  the  drying 
behavior  of  the  LTV  cured  rods  on  the  amount  of  the  water  addition  to 
the  silane.  COj  was  used  as  a  slightly  acid  catalyst  because  it  can  be 
easily  removed  from  the  reaction  mixture.  Independent  of  the  added 
amount  of  H^O,  the  concentration  of  the  residual  H^O  remained  constant 
after  16  hrs.  In  Fig.  1  the  concentration  of  the  residual  water  in  the 
reaction  mixture  is  shown  as  a  function  of  the  added  water. 


A.'--  e/'^-ye'. 


Figure  1:  Residual  water  content  as  a  function  of  water  added  to  MPT 
after  a  reaction  time  of  16  hrs;  pH:  5.5 

As  one  can  clearly  see,  only  with  initial  concentrations  of  <1.5  mole 


sp't  vr,i  s,:/ 1 


H2O  the  H2O  content  of  the  reaction  mixture  becomes  very  low  (<  0.1 
mole) .  The  following  UV  curing  experiments  showed  that  only  with  low 
H^O  contents  monoliths  could  be  obtained.  For  the  monoliths  prepara¬ 
tion,  1.5  mole  H2O  were  chosen  as  standard  preparation  conditions. 


3.2  Complex  Formation 

The  formation  of  the  Zr(OR)^  methacrylic  acid  complex  is  described 
elsewhere^. 


7r(0Pr  )  »  CH  =  C(CH,)COOH - >  Zr(0Pr '!  .(OOCiCH  jC  =CH  -Pr’OH 


As  shown  by  IR  spectroscopy,  a  bidental  chelate  complex  is  formed  by 
substituting  one  OR  group  of  Zr(OR)^.  The  reaction  of  this  complex  with 
various  concentrations  of  H2O  was  investigated  by  Karl  Fischer 
titration.  The  results  show  that  only  1.5  mole  H2O  per  mole  complex  are 
consumed  and  a  stable  sol  with  very  fine  particle  sizes  (3-10  nm, 
determined  by  dynamic  light  scattciing)  is  obtained.  From  this  sol,  a 
crystalline  material  can  be  received  by  evaporating  the  solvents.  The 
crystallized  phase  can  be  redissolved  in  ethanol  and  purified  by  this 
method:  the  slightly  yellow  colour,  as  a  result  of  the  complex 
formation,  disappears.  The  redissolved  complex  can  be  used  for  monolith 
preparation  as  an  alternative  way. 


3.3  Preparation  of  Monoliths 

Monoliths  were  prepared  from  a  solvent-free  sol  of  prehydrolysed  3- 
methacryloxypropyl  trimethoxysilane  and  the  modified  zirconium  prop- 
oxide.  Solidification  takes  place  by  copolymerization  of  the  meth¬ 
acrylate  groups  as  well  as  by  condensation  of  hydroxyl  and  alkoxyl 
groups.  Therefore  the  formation  of  an  inorganic/organic  network  as 
shown  in  Fig.  2  can  be  assumed. 


Figure  2:  Network  model  of  the  transparent  monoliths 

The  polymerisation  step  was  followed  by  IR  spectroscopy.  The  IR 
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spectroscopy  of  a  polymerised  sample  is  shown  in  Fig.  3. 


Figure  3:  IR-spectrum  of  the  polymerised  monolith 

As  one  can  see,  the  C=C  double  bond  at  1640  cm’^  has  almost  disappeared 
showing  a  high  polymerization  yield.  The  effect  of  excess  water  in  the 
reaction  mixture  leads,  as  already  indicated,  to  a  disaggregation  of 
the  rod.  There  is  no  clear  explanation  for  this  effect,  but  one  reason 
might  be  that  condensation  is  leading  to  a  brittle  material  before 
polymerisation  takes  place;  enhanced  polymerisation  then  can  cause 
internal  stresses  finally  leading  to  cracking. 

The  results  show  that  due  to  the  chemical  modification,  the  zirconia 
can  be  incorporated  into  the  inorganic/organic  network  on  a  very  small 
scale.  Therefore  a  homogeneous  distribution  of  the  zirconium  compound 
can  be  assumed  which  was  proved  by  TEM  micrographs  (Fig.  4)  .  Upto  a 
magnification  of  10*  no  phase  separation  could  be  detected.  The  dash 
spots  do  not  indicate  phase  separation  but  are  caused  by  elementary 
carbon  from  the  sample  preparation. 


Figure  4:  TEM  micrograph  of  a  monolith;  the  bar  refers  to  80  nm;  the 
square  indicates  an  area  with  only  a  few  carbon  spots. 
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Monoliths,  4  mm  in  diameter  and  50  mm  in  lenght,  exhibit  an  average 
fracture  strength  of  79  MPa,  which  is  surprisingly  high.  The  optical 
transparency  of  the  material  was  measured  by  UV/VIS-spectroscopy  (Fig. 
5)  . 


Figure  5:  UV/VIS-spectrum  of  a  monolith 

Due  to  the  pale  yellow  colour  of  the  material,  the  absorption  increases 
below  350  nm.  This  result  can  be  attributed  to  impurities,  e.g.  of 
transition  metal  complexes  with  higher  extinction  coefficiency  (Fe^*)  , 
because  the  zirconium  alkoxide  was  stored  in  iron  containers  and  used 
without  further  purification.  As  already  shown,  the  colour  can  be 
removed  by  purifying  the  zirconium  complex. 

A  value  of  1.51  was  determined  for  the  refractive  index.  This  result 
might  be  due  to  the  low  zirconia  content  of  only  17  mole%.  Therefore, 
further  experiments  have  to  be  carried  out  in  order  to  increase  the 
zirconia  content  as  well  as  the  refractive  index.  The  high  mechanical 
strength  combined  with  the  good  optical  transparency  of  this  type  of 
material  show  an  interesting  potential  for  optical  applications, 
especially  because  further  optimization  and  variations  of  composition 
are  possible  in  a  wide  range. 


4 .  J.oknowledgement 

This  research  was  performed  during  the  authors  stay  at  the  Fraunhofer 
Institut  fuer  Silicatf orschung,  Wuerzburg,  Federal  Republic  of  Germany. 
The  financial  support  of  the  Bayrisches  Staatsministerium  fuer 
Wirtschaft  is  gratefully  acknowledged. 


5.  References 

1.  H.  Schmidt,  "Organically  Modified  Ceramics,  Materials  with  History 
or  Future?",  In:  Proc .  Fourth  Int.  Conf.  on  Ultra  structure  Pro¬ 
cessing  of  Ceramics,  Glasses  and  Composites,  Febr.  1989.  J.  Non- 
Cryst.  Solids  (in  print). 


262 


SPie  Vo/  1328  So/  Go/  Opro  s  -  /S/X); 


2.  B.  Lintner,  N.  Arfsten,  H.  Dislich,  H.  Schmidt,  G.  Philipp  and  B. 
Seiferling,  "A  First  Look  at  the  Optical  Properties  of  ORMOSILs", 

J.  Non-Cryst.  Solids,  vol.  100,  pp.  378-382,  1988. 

3.  J.  Livage,  M.  Henry  and  C.  Sanchez,  "Sol-Gel  Chemistry  of  Trans¬ 
ition  Metal  Oxides",  Prog.  Solid  State  Chem. ,  pp.  1-83,  1989. 

4.  R.  NaB  and  H.  Schmidt,  "Preparation  and  Properties  of  Chelated  Alu- 
miniumalkoxides" ,  In:  Proceedings  Second  International  Conference  on 
Ceramic  Poder  Processing  Science,  Berchtesgarden,  October  1988  (in 
print) . 

5.  Y.  Sanchez,  "Organically  Modified  Sol-Gel  Materials",  Oral  Presenta¬ 
tion  at  52nd  Dr.  Wilhelm  und  Else  Heraeus  Seminar,  May  1989,  Bad 
Honnef,  FRG. 

6.  H.  Schmidt,  "Inorganic-Organic  Composites  by  Sol-Gel  Techniques", 
In:  Proc.  MRS  Fall  Meeting,  November  1989,  Boston,  Mat.  Res.  Soc. 
Symp.  Proc.  (in  print). 

7.  R.  NaB,  E.  Arpac  and  H.  Schmidt,  "Monolithic  Gel  Preparation  from 
Chemically  Modified  Zirconium  Alkoxides",  In:  Proceedings  Third  In¬ 
ternational  Conference  on  Ceramic  Powder  Processing  Science,  San 
Diego,  February  1990  'in  print). 


SPIE  Vol  IJ2S  Sol  Gri  OplH!,  I990< 


263 


AD-P006  432 

»  m  __  _ .  iini  mi  illi 


Preparation  and  optical  properties  of  amorphous  silica  doped  with 
functional  organic  molecules  by  the  sol-gel  prrxxss 


Akio  Makishima,  Kazuki  Morita,  Hiroyiiki  Inouc 
Universily  ot  Tokyo,  Dcparlmcni  ot  Materials  Science,  7-3-1  Hongo, 
Bunkyo-ku,  Tokyo  113,  JAPAN 
and 

Toshiro  Tani 

Electrotechnical  Laboratory,  Llnie/ono  1-1-4,  Tsukuba-city,  Ibaraki 

305,  JAPAN 


ABSTRACr 

Molecuhtr  dispersions  of  amorphous  siliceous  materials  doped  with  organic  mclcculcs,  TPPS,  were  prepared 
by  a  sol-gel  process  in  which  Si((JC2H5)^  was  hydrolvzcd  in  neutral  solution.  An  amorphous  silica  which  was 
doped  with  TPPS  on  the  order  of  1x10"^  mol/inol  SiC)2  showed  photochemical  hole  burning  at  4  K.  The 
TPPS/a-Si()2  was  heat-treated  at  various  temperatures  and  the  change  of  optical  spectrum  were  observed  as 
a  function  of  temperature.  It  was  found  that  the  sample  was  comparatively  stable  upto  200  °C. 


I.INTRODUCTION 

Recently  the  sol-gel  process  for  preparing  oxide  glas.ses  has  been  extensively  studied  and  developments  in 
the  technicjue  for  preparation  of  oxide  glas.ses  from  metal  alcohohites  through  hydrolysis,  gelling,  and  heating 
at  low  temperatures  have  been  reviewed. The  authors  reported  the  preparation  of  amorphous  silicas  doped 
with  orgtmic  molecules,  which  have  various  kinds  of  properties,  such  ;is  photochemical  hole  burning, 
photo-comluctivity,  ;md  laser  emission,  using  the  sol-gel  process. In  order  to  obtain  oxide  glasses  it  is 
ettmmem  to  use  the  high-temperature  melting  techni(|ue'.  doping  of  tl'.ermally  dissociative  components  in  these 
glas.ses  has  never  been  realized  due  ti>  the  high  melting  temperatiues.  By  adopting  the  sol-gel  process, 
however,  we  successfully  obtained  organic-molccule-doped  amorplous  siliceous  materials  in  molecular 
dispersion,  which  ;ire  air  stable.  One  of  the  samples  thus  obtained,  which  was  doped  with  1,4-dihydroxy-y,  10- 
anthraquinone  (DAO.quinizarin),  showed  photochemical  hole  burning  at  4  K,  Photochemical  hole  burning 
is  ,1  king  t'f  photobleaching  techni(|ue  which  utilizes  a  site-selective  pholoinduced  reaction  to  lorm  a  persistent 
hole  in  the  inhomogeneously  broadened  absorption  band  by  la.ser  light  irradiation.^  The  phenomenctn  has 
attracted  wide  attentiem  because  it  can  be  applicable  in  high-density  optical  d;ita  storage. 


It  is  said  that  the  photochemical  hole  burning  (PHB)  takes  place  by  the  cflects  of  photon  energy  on  the 
proton  of  the  OH  in  the  structure  of  the  DAO  as  shown  in  Fig.  1.  In  this  case  the  proton  ol  the  OH  is 
placed  OL'TSIDFI  of  the  structure.  However  the  TPPS  (Tetraphcnylporphinetetrasulfonic  acid)  has  a  structure 
as  shown  in  Fig. 2.  and  it  is  said  that  the  PHB  lakes  place  by  the  irradiation  of 
phol(in  cnergv  to  the  proton  of  NH  of  the  INSIDE  ot  the  TPPS  struc¬ 
ture.  The  location  of  the  proton  of  the  NH  changes  as  the  results  of  photo  H\ 

tauomeri/.ition  bv  the  action  ol  the  photon  cnergv  as  shown  in  Fig, 2.  9  ^ 

I’hercfore  it  is  interesting  to  see  what  will  happen  lei  the  TPPS  doped 
.tmorphous  silica  by  the  irratliation  of  the  la.ser  light  anti  to  observe  I 

whether  the  PHB  i.ikcs  place  or  not  in  this  amorphous  materials  [irepared 

bv  the  sol-gcl  process.  The  process  usually  needs  some  heal  treatment  to  q  ^ 

stabilize  the  structure  of  the  siiiv.a  gel  and  tiehydrale  t'r  collapse  the  micro  iq  z- 

or  meso-porcs  in  the  gel.  However  in  the  present  c.'sc  to  much  higher  DAQ 

Icmperalure  Ire.itment  deteiiorales  the  funclioiKii  organic  molecules  ir.  the 

silica  m.ttrix  Iherelorc  it  is  also  important  to  see  how  high  temperature 

1  ,  .  .  .u  -rooe  '  11  .  •  I  I  .1  •  ,  I  f'lg.l.  I  lie  slnieliire  ol  DA(J. 

we  can  heat-treat  the  1  PI  S~oopcd-siliceous  inalerials.  In  uiis  study  we 

obsereei.l  the  optical  spectrum  ol  the  s.imple  which  was  ire.itlrealed  at 


\arious  temperatures. 
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TPPS 

a,  P,  y,  6 -Tetraphenylporphinetetrasulfonic  acid 


hi/ 


HOjS 

(Photo  tautomerization) 

Fig.2.  The  change  of  structure  of  TPPS  by  the  light. 


2.EXPER1MENTAL  PROCEDURE 

We  used  tetraetho.xysilane  (Si(()C2Hs)4),  ethanol  and  TPPS  as  starting  malerials.The  organic  material  was 
dissolved  in  ethanol  on  the  order  of  10''  mol/mol.  Organic  compound/ethanol  solution  (11.4  mL),  Si(OC2H5)4 
(10.0  ml.),  and  distilled  water  {^.7  mL)  were  mixed  together  to  attain  a  homt)geneous  solution  in  a  100  mL 
beaker.  The  hydrolysis  for  gelling  was  carried  out  at  60  °C  with  50%  relative  humidity  for  about  one  month 
and  the  gel  thus  obtained  was  kept  at  40  °C  with  50%  relative  humidity.  Some  of  the  samples  were  heat 
treated  from  100  °C  to  300  °C  for  10  min  and  their  visible  range  optical  absorption  spectrum  were  measured 
by  the  conventional  methods.  Photochemical  hole  burning  was  observed  for  the  sample  by  using  a  N^-dye 
laser  at  4  K;  the  details  of  the  experiment  was  reported  before.^ 

3  RESULTS  AND  DISCUSSION 

We  obtaineil  monolithic  st'lid  samples  from 
homogeneous  solutions  which  were  neutral.  The 
organic  compound  seemed  to  be  homogeneously 
dope  .1  in  the  monolithic  solids  without  macroscopic 
segregation.  The  monolithic  disks  were  28  mm  in 
diameter  and  2  mm  in  thickness.  The  concentration 
of  the  organic  rlopant  in  the  amorphous  silica  was 
ca  1x1(1' ’  mof.'mol  .SiO^.  Some  of  the  obscrvetl 

optical  spectra  of  the  TPPS'a-Si02  heat-trealeil  at 
various  temperatures  arc  shown  m  Fig. 3.  and  the 
change  of  the  absorbances  at  420  nm  in  the  Fig. 3  Is 
plotted  in  Fig. 4.  These  results  indicate  that  the  TPF’S 
m  the  silica  matrix  is  stable  up'o  ca.  20(1  °(.‘  and 
about  .100  ('  the  molecules  liissociate  or  mav 

burn-out  We  can  heat-treat  the  sample  nearlv  iipto 
200  to  stabili/e  the  structure  I'f  the  eel  and 

dehvdrate  the  water  ct^^Icnts  in  the  gel.  The  ci'lors  ol 
organic  eonifiound  ethanol  solution  and  the  cor¬ 
responding  organic  amor[)hous  silicas  thus  [irctiared 
are  nearly  s<ime.  The  color  ol  the  TPPS  dt'ped 

ami'rphous  silica  is  dark  grev. 


WAVE  LENGTH(nm) 


Fig. 3.  The  o[itical  tibsorptions  of  TPPS/a-Si()2 
he  u  'reated  <it  various  temperatures. 
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I'akiiiu  sonic  il  ihc  !  PI’S  aiuorplunis  silua  as  an 
example,  llie  posilion  (>1  llie  peaks  ol  llu-  optical 
ahsoiplion  speeirum  in  the  \isihle  xxaxelenptli 
rei'ion  ol  llie  oie.aiiK  i. ompinnui  ethanol  solution 
aie  .ilmosi  n.lenlii.al  with  those  ol  the  oiitanie 
eomponiul- doped  sample  (iip.h),  iiulietitma  that 
tlu'  orpanii.  nimpouiul  is  moleeiihirK  ilisperseci  in 
the  monolithic  s.nnple.  I  he  moleeulai  i.lispersion  ol 
the  I'Pl’S  amorphous  silica  was  linthei  eonlirmerl 
In  measiiimi:  the  plioIiK  hemieal  hole  hinniiu:  ol 
the  sample  at  4  K  (lii|iiid  helium  temperatiii e ). 

I5\  iiSL'  ol  ,1  N  .  d\t'  laser,  ilie  sharp  hole  at  (>4l)nni 
was  ohseiAcd  lor  the  I  PPS  amorpliotis  silica 
sample  (I'ipti),  am!  the  elel.iils  of  the  olvseiwed 
PIIH  Will  Ih’  cI.M.'u here. 

riie  1[M*S  IS  said  to  he  weak  lor  the  slronii 
.iCKl  and  also  icisie  solution.  When  the  h.isie 
ludroKsis  ol  ,Si(  ()(  '  1 1 was  Used  to  prepare  the 
sample,  the  dopinp  ol  the  d'PP.S  w.is  imsueeessliil 
.ind  nu  nolithie'  sample.s  were  not  [trepareel.  Two. 
laxererl  solids  resulted  with  m;iny  ertieks,  and  the 
ortianie  eompoiinds  were  not  homogeneously 
tiisirihiiled  in  the  lavers. 

I'he  reasons  vOu  rlopiim  the  d'PPS  into  the 
,imoiphoiis  silica  xeas  unsucecsstul  tor  the  present 
proi'css  ol  hydrolysis  wuh  Nll.'.OII  solution  are  not 
elearh  explained  ,il  present,  hut  two  laelors  might 
he  iinoKeil:  s\nercsis  .iiul  mierosiriKlure.  .Aliet 
mi.xini',  the  law  m.iti'iials  to  .ill.iin  a  homogeneous 
solution  roul.iminL’  I  PPS  ami  storing  the  solution 
4  d  at  (ill  ( '  .ind  .s()' f'  relatixe  humidits,  xse  oh- 
seined  I  hat  sx  iK  iesis  look  place,  ami  eel  and 
rnpiid  coexisU'd  in  the  heaker.  Suhsei|uenl 
drwng  ol  the  eel  and  lirpiid  ['.iris  I  ^ 

lor  ,1  wes'k  at  -10  (  with  .sll'i 

rekilixe  humidils  resulted  in  a 
s,im|ilc  '.>.1111  m,in\  cracks  and  I  j2 

I  S',  o  l.is'ei  ed  SI  'lids,  ( )n  I  he 

roiilrais.  loi  [he  sample  ohi. lined  ^ 

h',  hvdioi',-.is  with  neutral  solution  ^  ,  ,, 

cd  I  •  ^  > 

svneresis  lould  not  he  ohscixeil  _q 

,ind  orcamc  conp'ound  dopeil  ^ 

nionolitlm  siIk.i  w,is  ohi.iimal  as  <n  . 

h  _D  ^  •  -0 

Nort.imi  ,ind  Moiiva  re[)orleid  ^ 

ill, It  m.iii'.  splK'iical  n.iilicles  ol  10 

nm  di.iinei'er  were  ohserxed  m  I 

s.inif'les  [ircp.ircd  he  li\r!roUsis 

with  MP,()II.  hut  such  particles 

were  no|  ohser'-crl  in  s.implcs  I  ^  _ 

prc[’ared  hv  ludrolysis  with  '  5;G 

neutral  solution  lliese  dilTcrerices 

in  the  niicrosiruclures®  would 

.ittecl  ,lopmu  ol  the  organic  icmi-  Fig. 6.  The  ohserved 

i'ouild- 
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photochemical  hole  hurning  ol  I'PPS,a-Si()s  in  Fig. .5. 
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Though  ihu  present  [irocess  was  carried  out  in  the  neutral  condition,  lurther  study  is  needed  to  clarity  the 
reasons  why  doping  of  oiganic  compounds  into  amorphous  silica  was  unsuccesst'ul  lor  tlie  process  ol  hydrolysis 
with  NH^OM  soludmi. 
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ABSTRACT 

Sol-gel  methods  offer  a  number  of  notable  advantages  for  the 
synthesis  of  optical  films  and  coatings.  Areas  of  potential  or 
actual  application  of  this  technology  range  from  single  layer  and 
multilayer  antireflection  coatings  to  embossed  planar  waveguides 
and  organic-modi fied  oxide  materials.  The  most  notable  advantages 
of  these  wet  chemical  methods  will  be  surveyed,  as  will  progress 
achieved  to  date  in  a  number  of  the  most  attractive  representative 
areas.  The  technical  bases  for  the  success/failure  in  each  case 
will  be  considered.  Also  to  be  discussed  will  be  the  prospects  - 
in  both  the  near-term  and  long-term  -  of  future  developments  in  the 
sol-gel  synthesis  cf  optical  films,  as  well  as  the  principal 
technical  hurdles  which  must  be  overcome  in  order  that  such 
synthesis  methods  may  achieve  more  widespread  use  in  the  future. 
Finally,  a  comparison  will  be  made  between  the  microstructures  and 
characteristics  of  films  and  coatings  deposited  using  sol-gel 
methods  with  those  deposited  from  the  vapor  phase.  In  all  cases, 
use  will  be  made  of  recent  advances  in  our  laboratory  in  the 
subject  area. 

I .  INTRODUCTION 

Wet  chemical  deposition  of  optical  films  is  a  rapidly 
advancing  technology.  Coatings  can  be  formed  from  solution  by  a 
number  of  methods,  including  spin,  dip,  spray  and  roller  coating; 
a  wide  range  of  compositions  can  be  synthesized;  doping  can  readily 
be  effected;  and  the  inherently  high  raw  material  cost  of  wet 
chemical  processing  is  relatively  unimportant  in  the  case  of 
coatings  because  competitive  optical  coating  techniques,  such  as 
CVD  or  sputtering,  are  highly  capital  intensive  and  thus  are  also 
expensive. 

The  characteristics  of  wet  chemical  processing  proves 
particular  opportunities  for  synthesizing  films  for  optical 
applications.  These  include:  (1)  The  solutions  employed  can  be 
vehicles  for  incorporating  specific  active  constituents,  such  as 
colloidal  particles  for  colored  coatings  or  luminescent  rare  earth 
ions;  (2)  The  highly  porous  intermediate  state  can  be  used  to  good 
advantage,  as  in  preparing  graded  index  antireflection  coatings,  in 
infiltrating  optically-active  dyes,  and  in  providing  contrast  in 
properties  between  densified  and  non-densif ied  regions;  (3)  The 
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ease  of  changing  composition  makes  available  a  wide  range  of 
indices  of  refraction;  (4)  The  range  of  properties  between  the  just 
deposited  gel  and  final  glass  opens  a  useful  window  in  mechanical 
properties  which  permit  procedures  such  as  embossing  to  be  applied 
to  coatings;  (5)  In  the  case  of  multicomponent  coatings,  problems 
with  vapor  phase  deposition  methods  (use  of  multiple  targets, 
preferential  deposition  of  specific  components,  etc.)  are 
substantially  reduced  or  eliminated;  and  (6)  The  ability  to  coat 
large  areas  and  non-flat  geometries  with  economic  efficiency. 

The  present  paper  will  review  the  principal  developments  to 
date  in  the  wet  chemical  synthesis  of  optical  coatings.  Attention 
will  first  be  directed  to  passive  coatings  and  subsequently  to 
active  coatings.  Looks  will  be  taken  into  an  admittedly  hazy 
crystal  ball  to  project  some  courses  of  future  development  and  to 
identify  present  outstanding  problems. 

II.  PASSIVE  COATINGS 

A.  Antireflection  Coatings 

Antireflection  (AR)  coatings  provide  a  good  example  of  the 
exploitation  of  the  versatility  of  the  sol-gel  process  to  solve 
technological  challenges.  To  reduce  reflection  losses  at  the 
surface  of  an  optical  medium,  two  principal  approaches  have  been 
employed.  In  the  first  approach,  an  AR  film,  whose  optical  path 
length  is  1/4  k  of  the  incident  radiation,  is  deposited  on  the 
surface.  The  refractive  index,  n,  of  the  AR  coating  is 
intermediate  between  the  indices  of  the  body  and  the  external 
medium.  This  condition  often  requires  the  use  of  materials  with  n 
values  less  than  1.3,  and  hence  directs  attention  to  the  use  of 
porous  coatings.  When  films  with  n  values  of  1.4  -  2.3  are 
required,  a  binary  silicate  system  such  as  Si02-Ti02  is  generally 
used . 


Despite  the  replacement  of  one  interface  with  two,  the 
reflection  losses  are  reduced  in  this  single  layer  antireflection 
(SLAR)  configuration.  Reflection  at  the  top  surface  is  lower  than 
the  original  interface  reflectivity  because  the  indices  are  more 
closely  matched,  and  the  reflection  at  the  coating-substrate 
interface  is  reduced  to  zero  because  the  coating  is  at  the 
quarterwave  condition. 

The  SLAR  approach  is  effective  only  at  one  k  because  of  the 
quarterwave  condition,  but  by  using  several  layers,  properly 
adjusted  to  have  reflectance  minima  at  close  but  not  identical  I's, 
it  is  possible  to  increase  significantly  the  band  in  k  over  which 
low  reflection  losses  can  be  achieved. 


The  second  approach  for  obtaining  low  reflection  losses  over 
a  range  of  A.  is  based  on  the  fact  that  reflection  is  caused  by  the 


sharp  index  discontinuity  at  the  interface.  In  this  approach,  the 
sharp  interface  is  essentially  eliminated  by  depositing  a  film 
whose  n  varies  smoothly  between  the  original  interface  n's.  The 
gradient  in  the  n  of  the  film  is  achieved  by  controllably  modifying 
the  pore  structure  and  composition  of  the  film. 

Sol-gel  methods  have  been  used  to  exploit  both  approaches  for 
preparing  AR  coatings^  Single-layer,  double-layer,  multi-layer 
and  gradient  index  coatings  have  been  deposited  on  a  variety  of 
materials.  These  coatings  utilize  the  inherent  flexibility  of  wet 
chemical  methods  to  manipulate  the  chemical  composition  and  film 
microstructure  to  make  coatings  for  specific  applications.  As 
examples,  porosity  can  be  controlled  by  altering  the  size  and 
structure  of  the  condensed  species  prior  to  deposition,  dip-coating 
gives  generally  denser  films  than  spin-coating,  after  deposition, 
the  n  of  the  coating  can  be  decreased  by  etching  or  increased  by 
thermal  treatment  (densif ication  and/or  crystallization) .  Sol-gel 
routes  also  have  potential  economic  advantages.  It  has  been 
estimated  that  coating  solar  cells  by  sol-gel  methods  is  5%  of  the 
cost  per  watt  required  to  coat  using  conventional  methods.^ 

Various  SLAR  sol-gel  coatings  have_  been  studied  including 
Ta205^'^,  Si02-Ti02^'^  and  Si02-B203-Al203-Ba0^'\  Single  layer  Si02-B203- 
Al203-Ba0  coatings  have  been  deposited  on  glass  and  plastics  for 
solar  thermal  and  photovoltaic  applications’'^.  These  coatings 
provided  a  quarter-wave,  single  layer  interference  surface  with  a 
reflectance  minimum  of  <1%  at  600  nm.  Pettit  et  al.’  investigated 
the  use  of  this  system  for  AR  coatings  on  Pyrex,  and  found  that 
aging  of  the  solution  prior  to  deposition  was  a  key  factor  in  the 
development  of  the  desired  microstructure.  When  fired  to  500C 
coatings  made  from  unaged  solutions  did  not  etch  because  the  films 
were  dense.  Coatings  made  from  aged  solutions  contained  a  large 
fraction  of  porosity  after  firing  which  permitted  the  acid 
treatment  to  modify  the  pore  structure  and  obtain  optimum  AR 
behavior.  Modification  of  the  process  enabled  plastics  (acrylic 
and  polycarbonate)  to  be  coated  successfully  without  heating  or 
etching. 

With  respect  to  performance,  SLAR  Si02-Ti02  coatings  have 
increased  the  efficiency  of  Si  solar  cells  (up  to  48%)^.  Compared 
to  plasma  SiN^  coatings,  however,  sol-gel  derived  Si02-Ti02  films 
have  a  narrower  range  of  reflectance*.  Double  layers  of  Si02  and 
Ti02  have  also  been  deposited  on  Si  solar  cells  increasing 
efficiency  by  44%*,  and  double  layers  of  Ti02  and  90%  Si02-10%  Ti02 
increased  efficiency  by  49%^.  Triple  interference  layers 
(Ti02/Si02-Ti02/Si02)  have  been  deposited  by  sol-gel  dip-coating  on 
both  sides  of  plate  glass.  These  coatings  reduce  reflection  by  90% 
and  are  used  in  the  manufacture  of  front  covers  for  computer 
terminals^'®.  Three  layer  coatings  (Si02-Ti02/Zr02/Si02)  on  optical 
glass  have  been  prepared  from  alkoxides  for  AR  use  in  near  infra- 


272  voi  ’328  So’  Ge’ 


red  applications.  These  films  gave  -99.6%  transmission  in  the 
wavelength  range  1.1-1. 3  /im’. 

The  conventional  approach  to  making  graded  index  AR  coatings 
is  to  vapor  deposit  onto  the  interface  a  glass  coating  which  phase 
separates  when  heat  treated.  One  of  the  phases  is  then  chemically 
etched  or  leached  to  produce  a  porous  structure  with  a  graded 
index.  The  disadvantages  with  this  method  include  substrate 
deformation  and  a  limited  number  of  suitable  glass  compositions’. 

In  the  wet  chemical  approach  to  graded  index  AR  coatings  a 
porous  layer  is  first  deposited  and  exposed  to  a  chemical  etching 
treatment.  The  etchant  not  only  increases  the  scale  of  the  pore 
structure  but  also  preferentially  etches  one  or  more  of  the  glass 
cations  to  produce  a  gradient  in  composition  (and  hence  n)  through 
the  film.  Since  the  pore  structure  dominates  the  etchant 
interaction,  and  not  the  requirement  for  phase  separation,  many 
more  glass  compositions  are  available  for  different  applications 
than  with  the  conventional  approach. 

Chemical  leaching  of  multicomponent  silicate  gel  coatings 
(Si02-Ba0,  Si02-B203-Na20)  can  produce  films  for  high  power  laser 
applications  with  reflectivities  in  the  range  0.15-0.7%  at 
These  films  have  up  to  four  times  greater  threshold  damage  than 
conventional  AR  coatings . Porous  silica  coatings  deposited  by 
wet  chemical  routes  have  also  been  investigated  as  high  threshold 
damage  coatings’^  ’^ .  Si02-Ti02  sol-gel  derived  coatings,  deposited 

under  clean  conditions,  also  show  higher  laser  damage  resistance 
than  similar  coatings  prepared  by  vacuum  deposition^. 

An  alternative  approach  to  gradient-index  AR  coatings  is  to 
coat  a  series  of  Si02  sols  of  differing  particle  sizes  (TMOS-based 
sols  aged  for  differing  time  periods).  This  method  has  the 
potential  to  overcome  problems  associated  with  chemical  etching  and 
leaching  to  produce  a  coating  with  graded  porosity’*-’^. 

Finally,  taking  advantage  of  the  use  of  sol-gel  solutions  as 
vehicles  for  colloidal  particles,  AR  light-scattering  coatings  have 
been  prepared  by  spray-coating  alcoholic  solution  of  colloidal  Si02 
particles  suspended  in  a  partially  condensed  Si  alkoxide.  The 
optical  quality  of  the  coatings  are  comparable  with  that  of  acid- 
etched  glass  surfaces®. 

B.  Planar  Waveguides 

Planar  waveguides  are  used  in  integrated  optical  circuits  to 
route  signals  between  different  input,  output  and  processing 
components  of  a  chip.  Since  light  is  guided  in  the  plane  of  these 
coatings,  these  films  must  be  of  reasonably  high  optical  quality. 
Index  uniformity  must  be  sufficient  to  achieve  losses  on  the  order 


of  1  dB/cm  or  less  and  compatability  requirements  indicate  that 
processing  should  permit  n  reproduciblity  to  at  least  1%. 

The  first  reported  use  of  wet  chemical  techniques  for 
synthesizing  planar  waveguide  synthesis  was  by  Ulrich  and  Weber  in 
1972.’®  These  authors  dip  coated  commercially  availabe  Pb0-Si02 
solutions  onto  glass  slides  and  synthesized  waveguides  with  index 
1.6  and  losses  of  0.5  dB/cm  at  632  nm.  In  1983,  Tiefenthaler  et 
al.”  dip-coated  LiNb03  from  commercially  available  solutions  to 
make  waveguides  of  index  2.1.  They  also  made  Si02-Ti02  waveguides 
of  compositions  1:1,  1:2  and  1:3.  Losses  at  HeNe  and  Ar  A. ' s  were 
determined  to  be  <  1  dB/cm.  The  Si02-Ti02  system  is  often  utilized 
for  such  waveguide  applications  because  the  n  can  be  tailored 
between  the  two  end  member  values  of  1.46  for  Si02  and  about  2.6 
for  Ti02. 

La  Serra  et  al.^°  and  Aegerter  et  al.^’  have  synthesized  PbO- 
Ti02  waveguides  by  dip  coating  glass  slides.  Their  dipping 
solution  was  prepared  by  reacting  Ti(0'Pr)4  with  2 , 4-pentanedione 
and  then  mixing  with  Pb  acetate.  By  applying  as  many  as  15 
coatings  these  authors  produced  1  micron  thick  films  which  guided 
several  orders  of  the  TE  mode.  The  films  exhibited  good  optical 
quality  and  no  apparent  scattering  was  caused  by  the  many 
interfaces  in  the  films. 

Research  conducted  by  our  group^^'^®  on  the  synthesis  and 
properties  of  Si02-Ti02  waveguides  has  shown  that  index 
reproducibility  is  a  sensitive  function  of  processing.  Fig.l  shows 
n  versus  temperature  for  two  sets  of  50:50  Si02-Ti02  waveguides. 
These  waveguides  were  synthesized  from  Si  and  Ti  alkoxides  using 
2 , 4-pentanedione  as  a  complexing  agent.  One  set  of  films  was 
prebaked  at  lOOC  for  1.5  mins,  and  then  heated  to  the  indicated 
temperature  and  the  other  was  immediately  immersed  into  the  furnace 
after  spin  coating.  This  variation  in  thermal  processing  produces 
about  a  3%  variation  in  the  observed  film  index  after  heating  at 
400C.  These  results  support  earlier  observations  on  the  effects  of 
thermal  processing  on  Si02-Ti02  films  used  as  AR  coatings.’  These 
effects  are  most  likely  caused  by  variations  in  the  film  viscosity 
due  to  thermally  induced  differences  in  the  crosslink  density  of 
the  films.  Films  which  experience  a  prebake  or  a  slow  heating  rate 
are  more  crosslinked  by  the  time  they  reach  elevated  temperatures, 
and  hence  they  flow  and  densify  at  a  slower  rate. 

Fig.  2  shows  the  relationship  between  n  and  shrinkage  for 
films  fired  at  the  indicated  temperatures  for  one  hour.  In  this 
figure  shrinkage  has  been  normalized  using  the  film  thickness  after 
a  lOOC,  1.5  minute  prebake.  The  results  indicate  a  processing 
window  between  500  and  600C  where  stable  values  of  both  n  and 
thickness  can  be  achieved.  Losses  in  these  waveguides  are  about  1- 
2  dB/cm.  The  index  increases  upon  firing  at  temperatures  above  600C 
due  to  the  crystallization  of  Ti02^^. 
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Despite  the  wide  range  of  available  compositions,  only  a 
limited  number  of  systems  have  been  investigated  to  date  for  planar 
waveguide  applications.  In  addition,  the  origin  of  loss  in  these 
films  remains  to  be  identified.  Losses  in  these  waveguid(2S  are  all 
around  1  dB/cm.  Computer  simulations  performed  by  Weller-Brophy  et 
al.^^  have  indicated  that  the  losses  cannot  be  caused  by  surface 
scattering  at  the  interfaces.  This  suggests  that  volume 
fluctuations  in  the  n  limit  the  loss.  Density  fluctuations  in  the 
form  of  porosity  and/or  chemical  inhomogeneity  are  possible  sources 
for  these  fluctuations. 

C.  Surface  Patterning  in  Sol-Gel  Films 

Many  optical  applications  are  based  on  the  use  of  surface 
relief  features  or  gratings  in  or  on  thin  films.  Specific  grating 
geometries  are  used  to  create  a  wide  range  of  optical  components 
including  input/output  couplers,  focusing  grating  couplers, 
distributed  feedback  gratings,  filter,  lenses,  beam  splitters  and 
mirrors.  Two  creative  approaches  have  been  used  to  generate  these 
types  of  surface  relief  structures  in  wet  chemical  films.  In  the 
first,  embossing  or  pressing  of  a  pattern  is  used  to  create  a 
negative  of  the  master  in  the  film.  The  technigue  is  based  on  the 
malleability  of  sol-gel  films  at  suitable  stages  of  processing.  The 
process  has  been  used  for  some  time  to  form  surface  relief 
struri'ures  in  polymer  films.  However,  the  sol-gel  process  now 
provides  the  opportunity  to  manufacture  these  gratings  in  dense, 
hard  dielectric  materials. 

Tief enthaler^’-^^  Heuberger  et  al.^*^  and  Lukosz^^  have  reported 
extensive  work  on  embossed  Si02-Ti02  waveguide  structures.  They 
produced  embossed  grating  couplers  with  1200  lines/mm  in  dip-coated 
waveguides  made  from  commercially  available  organometallic 
solutions.  After  a  densifying  heat  treatment  the  gratings  were 
found  to  have  retained  their  periodicity  and  spatial  frequency. 
T.he  resulting  profiles  were,  however,  quite  shallow,  having  a  depth 
much  less  than  the  film  thickness  of  120  nm.  The  impressed  grating 
structure  produced  an  input  coupling  efficiencies  of  50%.  Attempts 
to  make  gratings  with  2400  and  3600  lines/mm  were  not  so 
successful . 

Roncone  et  al.,^®'^’’  have  successfully  embossed  deep  grating 
structures  into  sol-gel  derived  films.  In  this  work  50:50  Si02-Ti02 
solutions  were  spin  coated  onto  microscope  slides  and  then  pre¬ 
baked  by  heating  at  70C  for  0  to  80  minutes.  After  prebaking,  the 
films  were  embossed  and  fired  at  400C  for  30  rains.  The  master  was 
a  photoresist  grating  coated  with  Au-Pd  prior  to  use. 

Fig.  3  shows  SEM  micrographs  of  the  grating  structure  which 
resulted  for  films  prebaked  for  15  mins.  The  resulting  gratings 
are  "negatives"  of  the  master.  Although  the  exact  (negative) 
profile  is  not  replicated,  the  negative  duty  cycle  and  period  (0.52 


nm)  are.  The  embossed  grating  depths  are  0. 1-0.2  /xm,  compared  with 
the  0.4  ^m  depth  of  the  master  grating.  It  is  likely  that  they 
represent  the  depths  achievable  with  a  master  grating  depth  of  0.4 
urn  because  the  films  exhibit  a  60-70%  shrinkage  during  the  post- 
emboss  baking.  The  exact  relationship  between  master  grating  shape 
and  the  resulting  embossed  grating  shape  has,  however,  yet  to  be 
determined. 

Roncone  et  al.  also  documented  the  changes  occurring  in  the 
embossing  mechanism  as  a  function  of  the  pre-emboss  bake.  At  early 
prebake  times  adhesion  of  the  film  to  the  master  was  a  problem,  at 
intermediate  times,  the  films  were  quite  moldable  and  flowed  under 
the  influence  of  the  master,  and  at  long  times,  the  grating 
structure  was  not  replicated  but  periodic  stress  cracks  were 
produced.  At  the  last  stage,  the  film  is  sufficiently  crosslinked 
to  prevent  significant  plastic  deformation. 

In  related  work,  Tohge  et  al.^°  have  been  successful  at 
embossing  deep  features  into  sol-gel  films  by  modifying  the  film 
viscosity  through  addition  of  an  organic  species  to  the  coating 
soltuion.  These  researchers  investigated  the  effects  of  polyvinyl 
alcohol,  cellulose,  polytetramethylene  glycol  and  polyethylene 
glycol  (PEG)  on  patterning  .  Only  PEG  was  found  to  improve 
significantly  the  surface  replication  properties  of  the  coating. 
Using  PEG  in  a  Si02-B203  solution,  Toghe  et  al.  successfully 
embossed  surface  structures  onto  glass  disks.  PEG  additions 
produced  films  that  were  much  softer,  and  therefore  more  moldable, 
than  films  with  no  PEG.  After  embossing,  the  PEG  was  burned  out  of 
the  sample. 

Matsuno  et  al.^’  synthesized  pregrooved  glass  disks  by 
embossing  Si02-Ti02-PEG  solutions  which  had  been  coated  onto  glass 
substrates.  This  produced  films  which  replicated  the  1 . 6  /xm  pitch 
of  the  master.  The  final  grove  depth  was  a  function  of  the  PEG 
content  of  the  film  and  as  large  as  122  nm.  The  n  of  samples 
containing  PEG  was  observed  to  be  lower  than  the  same  compositons 
formed  without  PEG. 

Much  of  this  work  demonstrates  the  importance  of  thermal 
treatment  in  establishing  conditions  for  embossing  sol-gel 
coatings.  Very  little  is  known,  however,  about  the  evolution  of 
the  mechanical  properties  of  thin  films  during  the  sol-gel-oxide 
transitions,  or  about  the  impact  of  precursor  chemistry  and 
additives  on  the  evolution  of  mechanical  properties  during  heat 
treatment . 

In  addition  to  the  applications  cited  above  for  surface  relief 
gratings,  several  specialized  applications  are  being  pursued. 
Lukosz  et  al.^^  observed  direct:' onal  switching  in  Si02-Ti02  planar 
waveguides  as  a  function  of  the  adsorption  and  desorption  of  water 
and  other  molecules.  Tiefenthaler  et  al.^^-^^  demonstrated  that 
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input  grating  couplers  on  planar  Si02-Ti02  could  be  used  as  a 
sensitive  humidity  sensor,  and  using  the  sensing  effect  could  be 
made  into  a  switch  (utilizing  the  induced  change  in  n) . 
Tiefenthaler  and  Lukosz^^  suggested  that  the  sensitivity  of  the  thin 
films  to  humidity  and  other  molecules  was  caused  by  two  factors: 
adsorption  and  desorption  of  vapor  phase  molecules  from  (1)  the 
external  surface  of  the  film,  and  (2)  the  internal  surfaces 
associated  with  the  porosity  in  the  film. 

In  addition  to  the  potential  practical  applications,  this 
phenomena  has  important  implications  with  respect  to 
reproducibility  in  n.  Lukosz,  et  al.,  observed  a  An  of  0.04 
between  films  that  had  adsorped  water  vapor  versus  dry  films.  This 
large  index  change,  while  useful  for  sensing  applications,  would  be 
devastating  in  applications  which  require  extremely  stable  values 
of  n.  Further  work  needs  to  be  done  to  establish  the  relationship 
between  the  atmosphere  sensitivity  of  n  and  the  film 
microstructure . 

Lukosz  et  al.^*  dip-coated  Si02-Ti02  waveguides  onto  a 
commercial  thin  film  electrode  and  made  an  integrated  thermo-optic 
switch.  They  measured  a  change  in  the  n  with  temperature  as  a 
voltage  was  applied  across  the  electrode.  Lukosz  et  al.  also 
observed  optical  bistability  and  self-pulsing  in  Si02-Ti02  planar 
waveguides  coupling  with  prisms  and  grating  couplers. The 
optical  bistability  is  due  to  a  photo-thermal  mechanism,  the 
interaction  of  the  evanescent  wave  with  the  metal  layer  causes  a 
local  change  in  temperature  which  causes  the  film  to  expand.  The 
expansion  of  the  film  decreases  the  optical  gap  between  the  film 
and  the  external  grating  used  for  coupling  into  the  film.  The 
optical  bistability  was  measured  by  measuring  the  output  power  vs. 
the  input  po'  ar. 

Lukosz  et  al.^^  and  Nellen  et  al.^^  demonstrated  the  use 
of  Si02-Ti02  waveguides  with  and  without  embossed  gratings  as  bio¬ 
chemical  sensors,  used  to  detect  specific  proteins  of  the  human  and 
rabbit  immune  systems.  A  change  in  n  as  small  as  1  x  10'*  could  be 
detected . 

Another  approach  for  patterning  sol-gel  films  is  based  on  the 
use  of  laser  light  to  densify  local  regions  of  the  film.  The 
undensified  regions  can  the  be  etched  away  to  produce  surface 
features.  Krchnavek  et  al.*^^  used  an  argon  laser  to  do  maskless 
writing  of  Si02  onto  Si  substrates.  The  heat  source  was  the  Si 
substrate  beneath  the  film  which  absorbed  the  laser  light.  The 
authors  argued  that  heating  in  this  manner  will  avoid  any  cracking, 
and  provides  a  way  -f  controlling  densif ication  in  the  z-direction. 
This  method  was  also  used  to  place  p^'tterns  onto  GaAs,  CdS  and  Si02 
substrates . 


s,-/  i,.- 


Shaw  et  used  a  CO2  laser  to  density  a  thin  surface  of  a 
silica  disk.  Density  and  hardness  changes  with  heating  were 
measured,  and  used  to  determine  a  "densif ication  threshold",  above 
which  bloating  and  the  formation  of  bubbles  was  noted.  The 
penetration  depth  of  the  CO2  laser  was  40  /im.  In  this  technigue 
the  laser  light  is  coupled  into  the  metal-oxygen  bonds  of  the  film 
to  provide  heating.  As  a  result,  the  technique  is  not  substrate 
specific. 

In  recent  work,  reported  at  this  Conference,  Fabes  et  al.^® 
have  used  laser  densif ication  to  generate  channel  waveguide 
structures  in  Si02,  Si02-Ti02  and  Ta205  coatings.  Si02  slides  were 
first  coated,  covered  with  a  thin  metal  layer,  and  then  translated 
across  a  Nd:YAG  laser  beam.  The  laser  energy  was  absorbed  by  the 
metal  film,  which  heated  the  underlying  sol-gel  coating  causing 
local  densif ication.  Ridged  waveguide  structures  were  formed  by 
etching  away  the  undensified  portion  of  the  waveguide. 

These  workers  have  also  shown  that  photolithographic 
techniques  can  be  used  to  define  waveguide  structures  on  a  coating. 
A  photoresist  masking  process  was  used  to  define  an  array  of  metal 
lines  on  the  sol-gel  coatings.  Rastering  the  laser  beam  over  the 
sample  caused  consolidation  only  over  those  portions  of  the  coating 
which  had  been  delineated  by  the  masking  process. 

The  use  of  laser  techniques  to  generate  surface  relief 
structures  in  optical  films  is  in  its  infancy.  With  the  exception 
of  the  work  by  Fabes  et  al.,  only  Si02  coatings  have  been 
investigated.^’’^*  A  variety  of  different  laser  A, ' s  have  been 
exploited.  Each  of  them  has  advantages  and  disadvantages.  The  CO2 
laser  is  convenient  in  that  it  will  couple  into  any  oxide  film,  but 
the  interaction  volume  is  large  (about  40  microns) .  While  this  may 
be  acceptable  for  single  layer  systems,  if  multilayer  sequential 
processing  is  required,  such  lasers  may  lead  to  undesirable  inter¬ 
layer  interactions.  Densif ication  using  Ar  or  Nd:YAG  laser  both 
require  the  presence  of  a  metallic  layer  to  absorb  the  laser  light. 
At  high  powers,  implantation  or  melting  of  the  metal  layer  may 
cause  problems  with  metallic  impurities.  However,  the  interaction 
volume  is  much  smaller  for  these  systems  and  photolithography  can 
be  used  to  mask  and  then  density  fine  features  rapidly  and 
repeatably . 

Other  issues  remain  to  be  addressed  including  the  potential 
for  carbon  and  other  gas  entrapment  due  to  the  rapid  thermal 
processing.  Also  the  impact  of  this  rapid  thermal  processing  on 
microstructure  development,  including  crystallization,  remains  to 
be  established. 
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Sol-gel  routes  to  coating  substrates  have  allowed  a  number  of 
novel  colored  compositions  to  be  developed.  Because  these  films 
are  typically  quite  thin,  imparting  color  to  the  film  is  acheived 
via  scattering  ef'fectt.  and  not  absorption.  Yellow  coatings  of 
CeOp-TiOj  nave  been  deposited  on  soda-lime-silica,  PbO-containing 
glass  and  A1  foil  by  iio-coating  a  solution  of  CeCl3  and  Ti(0’Pr)4 
and  firing  to  500C^^'^^.  These  films  had  good  chemical  durability 
and  adhesive  properties.  Coatings  of  SiOp  and  transition  metal 
oxides  have  been  extensively  studied,  using  transition  metals  such 
as  Fe,  Co,  Ni,  Mn,  Cr  and  Cu*'*'^’.  Wich  mixtures  of  transition  metal 
oxides,  the  order  of  depositing  different  layers  influenced  the 
final  color,  although  no  redox  reactions  occurred  between  the 
different  transition  metals^^.  Other  work^’  has  also  demonstrated 
that  thin  films  can  have  strong  colors  due  to  the  presence  of 
colloidal  particles  . 


An  alternative  approach  to  colored  coatings  involves 
incorporating  inorganic  pigments  into  alkoxide  coating  solutions. 
For  example,  white  ZnO  films  have  been  prepared  from  a  dispersion 
of  ZnO  in  an  iso-pro^-anol  solution  of  Zn  iso-propoxide . 

E.  Reflective  Coatings 

riOp-Pd  (IROX)  coatings  are  produced  commercially  by  Schott 
Glaswerke^.  Double-sided,  single  layer  coatings  are  applied  to 
large  plates  of  float  glass  from  solution  using  a  dip  coating 
process.  The  glass  plates  are  coated  with  an  alkoxide  based 
solution  containing  colloidal  Pd  particles.  As  the  plates  are 
pulled  from  the  coating  solution  they  are  exposed  to  an  atmosphere 
containing  water  vapor  to  set  the  film.  The  plates  are  then  fired 
at  400-500C  to  density  the  coatings.  The  coatings  are  used  for 
solar  control  applications.  Various  ratios  of  transmission  to 
reflection  can  be  obtained  by  modifying  the  Pd  content.  Similar 
TiOp-Au  coatings  are  produced  commercially  by  the  Asahi  Glass 
Company . 

Transparent  IR  reflecting  coatings  have  also  been  produced  by 
wet  chemical  methods.  These  include  ITO*’  and  Sb-doped  SnOp.*^^  To  the 
best  of  the  present  authors'  knowledge,  such  coatings  are  not 
produced  commercially. 

TiOp-SiOp  sol-gel  derived  coatings  on  soda-lime-silica  glass 
are  used  for  head  up  display  purposes  in  automobiles.'’^  In  this 
application,  which  has  been  commercialized  on  Nissan  cars, 
alkoxide-based  solutions  are  coated  onto  the  desired  area  of  a 
glass  plate.  After  patterning,  resist  coating  and  etching,  the 
coated  area  is  densified  and  the  glass  bent  and  laminated  to 
produce  a  windshield  having  an  abrasion-resistant  area  with  high 
reflectivity.  This  area  permits  heads-up  observation  of  the 


vehicle's  speed  projected  from  a  high  brightness  vacuum  fluorescent 
display. 

III.  ACTIVE  COATINGS 
A.  Electooptic  Materials 

Electrooptic  (EO)  thin  film  materials  are  increasingly 
important  in  the  development  of  optical  device  technology. 
Examples  include  optical  phase  retarders,  optical  and  electrooptic 
switches,  spatial  light  modulators,  and  devices  based  on  optical 
phase  conjugation.  EO  materials  also  have  potential  for  optical 
data  storage  and  computing  by  exploiting  their  inherent  field 
induced  birefringence  to  create  a  two-state  optical  system. 
Typical  EO  m.aterials  are  ferroelectric  (FE)  with  crystal  structures 
which  lack  a  center  of  symmetry.  Notable  examples  include 
Pb(Zr,Ti)03  (PZT) ,  PbLaZr  titanate  (PLZT) ,  SrBa  niobate  (SBN) ,  PbMg 
niobate  (PMN)  and  LiNb03. 

EO  thin  films  can  be  single  crystal  or  polycrystalline.  For 
signal  processing  in  the  plane  of  the  film  (e.g.,  waveguides) 
inhomogeneity  in  n  must  be  minimized  to  reduce  losses.  This  is 
best  achieved  by  using  single  crystals  since  grain  boundaries 
present  in  polycrystalline  materials  are  regions  of  either 
compositional  or  structural  discontinuities  which  produce 
undesirable  variation  in  n.  This  requirement  does  not,  however, 
preclude  the  use  of  oriented  epitaxial  films.  These  films  may  be 
sufficiently  uniform  to  exhibit  losses  of  less  than  10  dB/cm. 

For  in-plane  application  which  rely  on  second  or  higher  order 
harmonic  generation  the  film  must  be  phase  matched.  In  this  case 
only  selectively  oriented  single  crystal  films  are  acceptable. 
Unfortunately,  single  crystal  thin  film  materials  are  difficult  to 
synthesize.  This  difficulty  arises  from  the  requirement  that  the 
crystal  layer  be  grown  in  a  desired  orientation  on  a  substrate  that 
provides  the  proper  epitaxial  relationship  for  growth. 

For  through  plane  applications  the  optical  path  length  is 
small  so  polycrysfal 1 ine  materials  can  by  utilized  without 
significant  losses.  For  many  application,  the  polycrystalline 
nature  of  the  film  offers  many  advantages  compared  to  single 
crystal  films.  Poling  is  often  utilized  to  orient  the  domain 
structure  and/or  the  optic  axes.  In  single  crystals,  the  optic 
axis  is  constrained  by  the  crystal  orientation.  Also,  the  grain 
boundaries  in  polycrystalline  films  exert  a  clamping  effect  on  the 
domain  structure  and  make  possible  localized  switching  within  a 
small  volume.  This  phenomena  increases  the  resolution  acheivable 
in  optical  memory  systems.  Detrimental  film-substrate  chemical 
interaction  are  often  more  extensive  in  polycrystalline  films  due 
to  preferential  segregation  and  favorable  diffusion  sites  along 
grain  or  domain  boundaries. 
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The  composition  of  the  film  is  also  application  specific.  In 
applications  where  domain  reversals  are  used  PLZT's  are  the  favored 
material  because  they  possess  faster  switching  times  and  lower 
coercive  fields  than  other  FE  materials.  To  optimize  the  quadratic 
electrooptic  coefficent  (R)  ,  PLZT  compositions  are  chosen  which 
posses  the  near-cubic  crystal  structure.  Due  to  the  near-cubic 
symmetry,  there  is  either  little  or  no  permanent  polarization;  and 
the  birefrengence  exists  as  long  as  the  electric  field  is  applied. 

Optimization  of  the  linear  electrooptic  coefficient  (rc)  and 
coercive  field  is  achieved  in  samples  having  compositions  with  a 
pronounced  tetragonal  character.  There  is  a  close  relationship 
between  induced  birefrengence  and  strain.  Because  these  materials 
are  tetragonal,  the  differences  in  expansion  coefficient  along 
different  crystallographic  axes  induce  strains  in  the  film.  Also, 
the  linear  EO  effect  is  an  intrinsic  material  characteristic,  not 
due  to  any  domain  reorientation  process.  Hence  the  high  coercive 
field  will  not  mask  this  effect. 

The  ability  to  tailor  EO  coefficients  through  compositional 
and  subsequently  structural  variations  is  found  in  other 
ferroelectric  materials  as  well.  As  an  example,  the  composition- 
driven  electrooptic  properties  for  PLZT  are  shown  in  Table  1. 


Table  1;  Electrooptic  Coefficient  of  Bulk  Ceramics 


COMPOSITION 

(X,y,z) 

LINEAR 

COEFFICIENT,  rc 
XlO'^^m/V 

QUADRATIC 
COEFFICIENT,  R 
X10‘’V/V^ 

REFERENCE 

PLZT®  8 

.  5/65/35 

38.60 

64 

PLZT 

9/65/35 

3.80 

64 

PLZT  9 

.5/65/35 

1.50 

64 

PLZT 

10/65/35 

0.80 

64 

PLZT 

12/65/35 

0.16 

64 

PLZT 

8/40/60 

1.02 

64 

PLZT 

12/40/60 

1.20 

64 

PLZT 

14/30/70 

1.12 

64 

ktn'’ 

65/35 

0.17 

64 

SBN'= 

50/50 

2.10 

64 

SBN 

75/25 

14.00 

64 

LiNbOs 

0.16 

64 

LiTa03 

0.22 

64 

Ba2NaNb50^5 

0.38 

65 

KDP 

0.52 

64 

For  PLZT's  x,y,z  refers  to  the  formula  Pbi-xL^y (ZtiTi^)  1.X/4O3 
^  For  KTN  x,y  refers  to  the  formula  KTa^Nbi-xOs 
®  For  SBN  x,y  refers  to  the  formula  SrxBai.xNb206 
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A  major  problem  in  the  synthesis  of  SBN,  PZT,  and  PLZT  films 
by  all  techniques  is  the  undesirable  formation  of  metastable 
pyrochlore  phases  during  post-deposition  annealing  processing.  This 
paraelectric  material  is  detrimental  to  optical  film  performance 
because,  as  a  second  phase,  it  contributes  to  scattering  losses  and 
reduces  the  volume  percent  of  FE  phase  in  the  films.  Conversion  of 
the  pyrochlore  phase  to  the  stable  perovskite  phase  can  be 
difficult  and  typically  requires  post-deposition  annealing  under 
special  atmospheres  at  elevated  temperature.  Such  annealing  can 
cause  deleterious  film-substrate  reactions. 

The  pyrochlore  phase  is  a  defect  structure  having  the  basic 
formula  of  A2B2O7.  It  can  be  either  oxygen  or  lead  deficient.  The 
basic  structural  unit  for  both  the  pyrochlore  and  perovskite 
sturucture  is  a  corner  shared  BO^  octahedron.  In  the  pyrochlore 
structure  the  octahedra  are  joined  in  a  zig-zag  fashion  along  the 
(110)  direction  while  in  the  perovskite  structure  they  form  linear 
chains  along  the  (100)  direction.  This  similarity  in  structure 
most  likely  accounts  for  the  early  formation  of  the  metastable 
pyrochlore  phase  as  well  as  its  sluggish  conversion  to  the  stable 
perovskite  phase.  Unfortunately,  there  exists  no  comprehensive 
investigation  of  the  chemical  and  kinetic  factors  which  influence 
phase  evolution  in  such  systems. 

The  pyrochlore  phase  does  not  form  when  PLZT  is  deposited  on 
a  fully  crystallized  PbTi03  layer. ^  This  does  not  represent  a 
universal  cure,  however,  because  the  PbTi03  layer  may  be 
detrimental  to  EO  performance  due  to  losses  from  multiple 
reflection  at  interfaces  or  a  lowering  of  the  composite  EO 
coefficients. 

Many  PLZT  films  have  been  made  by  sputtering.  Sputtered 
epitaxial  PLZT  films,  including  single  crystalline  films,  have  been 
obtained  on  substrates  such  as  MgO  and  sapphire.  For  example, 
28/0/100  PLZT  films  exhibited  epitaxial  (111)  and  (211)  on  (0001) 
and  (1010)  sapphire  respectively^'*^  while  the  preferred  orientation 
is  (100)  when  (100)  single  crystal  SrTi03  or  spinel  is  utilized.*® 
The  crystallinity  of  such  films  increases  when  an  intermediate 
layer  of  PbTi03  is  used.  Attempts  to  spray-pyrolyze  PLZT  on 
sapphire  led  to  the  formation  of  a  non-perovskite,  non-pyrochlore 
phase.*’  Second  harmonic  generation  in  ion-sputtered  PLZT  films 
with  compositions  between  7/0/100  and  28/0/100  has  been  reported^® 
with  the  signal  decreasing  with  increasing  La  content. 

Various  EO  thin  films  have  been  prepared  using  wet  chemical 
processing.  These  include  PZT^\  PLZr^  SBN^  and  LiNb03^^‘^®.  Wet 
chemical  synthesis  of  PLZT  films  is  usually  based  on  the  use  of  Pb 
and  La  salts,  such  as  acetates,  in  combination  with  Zr  and  Ti 
alkoxides.  These  precursors  are  often  reacted  in  methoxyethanol^^ 
to  form  complex  alkoxides.  The  solvent  is,  however,  teratogenic 
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and  can  cause  neurological  and  hematological  damage  even  at  the  ppm 
level . 


For  sol-gel  derived  8/65/35  PLZT  films  on  sapphire,  preferred 
orientation  was  observed  in  the  (001)  plane  parallel  to  substrate 
when  annealed  at  750C  The  degree  of  preferred  orientation  decreased 
with  further  heating  to  850C.^^  Schwartz  et.  al.^  reported  (111) 
orientation  for  chemically  derived  PLZT  films  on  platinized 
silicon. 

The  linear  and  quadratic  EO  coefficients  of  both  sol-gel  and 
sputtered  PLZT  films  are  tabulated  in  Table  2.  The  data  on  sol-gel 
derived  PLZT  films  are  very  limited.  The  results  in  the  table 
indicate,  however,  that  the  properties  of  sol-gel  derived  films 
compare  very  favorably  with  those  of  sputtered  films. 

Table  2:  Electrooptic  Coefficient  of  PLZT  Thin  Flims 


COMPOSITION 

(x/y/z)« 

LINEAR 

COEFFICIENT, 

10’^’  m/V 

QUADRATIC 
COEFFICIENT,  R 
XlO*''*  (m/V)^ 

REFERENCE 

8/65/35 

3.0 

0.5 

72,  Sol-gel 

0/60/40 

2.4 

0.01 

79,  Sol-gel 

(PZT) 

28/0/100 

0.8 

67,  Sputtering 

9/65/35 

1.0 

80,  Sputtering 

28/0/100 

0.6 

14/0/100 

2.8 

80,  Sputtering 

21/0/100 

8.1 

80,  Sputtering 

9/65/35 

0.6 

70,  Sputtering 

Here  x/y/z  refers  tc  the  formula  Pb^xL^y (Zr,Tii)  1.X/4O3. 


It  is  interesting  to  compare  these  thin  film  properties  with 
those  of  bulk  material  in  the  same  systems.  The  EO  coefficients  of 
bulk  materials  are  shown  in  Table  1.  It  is  apparent  that  the 
values  for  the  films  are  consistently  lower  than  those  for  bulk 
samples.  Possible  reasons  for  this  include  film-substrate  chemical 
interaction  leading  to  the  formation  of  deleterious  intermediate 
layers,  differences  in  the  amount  and  distribution  of  pyrochlore 
phases  in  thin  film  and  bulk  samples,  and  differences  in  porosity. 
Porosity  differences  are  expected  because  traditional  bulk 
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synthesis  techniques  often  include  hot-pressing  to  enhance 
densif ication.  Further,  the  effects  of  substrate  clamping  on  the 
film  samples  could  limit  the  development  of  optimum  values  of  the 
quadratic  coefficient  in  a  fashion  similar  to  that  of  the  well- 
known  thickness  dependence  of  dielectric  properties  of  FE  thin 
films . 

LiNb03  is  a  versatile  EO  material  used  widely  for  its 
piezoelectric,  pyroelectric,  birefringent ,  photoelastic  and 
phot ore tractive  properties.  Sputtering  has  been  used  to  make 
LiNbOs  films  but  liquid  phase  epitaxy  (LPE)  is  the  favored 
technique,  specially  to  obtain  single  crystal  LiNbOs  films. 

Sol -gel  derived  LiNbOs  film  have  been  prepared,  some 
exhibiting  c-axis  preferred  orientation  on  (0001)  sapphire. No 
such  behavior  is  observed,  however,  for  films  deposited  on  Si.^*^® 
The  presence  of  an  amorphous  layer  of  native  oxide  on  Si  can  negate 
any  possible  epitaxial  effect.  Interestingly,  sputtered  LiNb03 
films  on  Si  shows  c-axis  preferred  orientation  if  the  substrate  is 
Si (111)  but  many  preferred  orientations  if  Si (100)  is  used 
instead.®^  This  could  be  due  to  the  varying  degree  of  lattice 
mismatch. 

LiNb03  films  can  crystallize  at  temperature  as  low  as  250C  if 
an  underlying  fully  crystallized  film  is  first  deposited.  When 
single  crystal  LiNb03  is  used  as  a  substrate,  epitaxial  films  are 
obtained. “  The  refractive  index  of  sol-gel  LiNbOs  films  is  2.10  - 
2.25®^  comparable  to  that  of  sputtered  film  but  less  than  the 
single  crystal  value,  presumably  due  to  residual  porosity. 

Hirano  has  reported  making  a  successful  waveguide  using  a  sol- 
gel  derived  Ti-doped  LiNb03  film.^®  No  data  on  attenuation  were 
reported.  The  losses  are  expected  to  be  high  due  to  grain  boundary 
scattering.  There  are  no  reports  on  EO  coefficients  on  these 
films.  The  dielectric  constant  has  been  measured  as  about  22;  and 
the  value  of  tan  S  is  highly  dependent  on  the  choice  of  metal 
contacts  used. 

The  attenuation  losses  for  various  PLZT  and  LiNb03  films  are 
tabulated  in  Table  3.  It  can  be  seen  that  eiptaxial  films  have 
higher  losses  than  single  crystal  films.  This  likely  reflects 
scattering  from  grain  boundaries  in  the  epitaxial  films.  Within 
the  single  crystal  films,  domain  boundaries  also  exist  which  can 
cause  scattering  losses.  Note  that  SEN  and  most  PLZT  compositions 
used  in  EO  applications  are  relaxor  FE's.  In  such  materials, 
microheterogeneous  regions  such  as  roicrodomains  lead  to  scattering 
losses.  The  effects  of  FE  domains,  whether  "normal,"  microdomains 
or  compositional  inhomogeneities  on  scattering  losses  have  received 
scant  attention  in  the  literature.  Poling  may  be  utilized  to 
effect  a  monodomain  single  crystal  FE  film. 
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Table  3;  Waveguide  Loss  in  Sputtered  Filins 


FILM 

SUBSTRATE 

LOSS  dB/cm 

REFERENCE 

PLZT  28/0/100 

sapphire 

26 

67  epitaxial 

PLZT  9/65/35 

sapphire 

10 

68  single 

PLZT  28/0/100 

sapphire 

14 

crystal 

LiNbOj 

LiTa03 

8 

84  epitaxial 

85  single 
crystal 

For  obtaining  high  quality  epitaxial  single  crystal  LiNb03 
films,  non  sol-gel  techniques,  namely  and  sputtering®^'®’, 

still  dominate.  Dopants  such  as  Na,  Ag,  Ti,  etc.  have  been 
successfully  introduced  via  LPE.®®  The  crystallinity  of  sputtered 
films  can  be  enhanced  by  post-deposition  annealing.  This  is  one 
area  where  sol-gel  processing  has  yet  to  compete  -  i.e.  the 
fabrication  of  single  crystal  thin  film  materials. 

In  LiNbOs,  polycrystalline  films  (obtained  without  much 
difficulty  via  sol-gel  methods)  introduce  too  much  loss  due  to 
grain  boundary  scattering  for  optimum  usage  in  EO  application. 
This  contrasts  with  PLZT  where  grains  can  be  exploited  for  certain 
EO  phenomena. 

In  viewing  sol-gel  and  sputtered  EO  films,  one  particular 
advantage  of  sol-gel  method  stands  out,  namely  the  greater 
potential  reproducibity  of  chemically  derived  films.  With 
sputtered  films,  the  film  properties  depend  on  a  large  number  of 
parameters  including  the  process  used  (diode,  rf ,  or  magnetron) , 
the  Ar  pressure,  Ar/Oj  ratio,  substrate  to  target  distance  and 
substrate  temperature.  It  is  likely  that  sol-gel  derived  films 
will  prove  to  be  less  sensitive  to  variation  in  process  parameters. 

B.  Dves  in  Gels 

The  low  temperatures  associated  with  sol-gel  processing  offer 
an  attractive  route  for  incorporating  thermally  unstable  orgarxc 
molecules  into  inorganic  matrices,  either  in  bulk  form  or  thin  iilm 
form.  It  is  impossible  to  prepare  similar  materials  by 
conventional  glass-forming  methods  unless  extremely  low  melting 
glasses  are  used.’®  An  alternative  approach  that  has  been 
considered  is  the  adsorption  of  dye  molecules  in  a  poro’.s  glass. 
Chemically  derived  oxide  or  organicaly  modified  oxide  networks  are 
far  superior  as  host  materials  compared  to  organic  polymers  due  to 
their  higher  thermal  and  photochemical  stability.  Potential 
applications  of  these  novel  materials  investigated  to  date  include 
solid-state  dye  lasers,  solar  light  guides  and  optical  memory 
devices. Additionally,  the  incorporation  of  dyes  and 
organometallic  molecules  in  gels  can  provide  useful  insight  into 
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sol-gel  chemistry  and  gel  structure  by  functioning  as  molecular 
probes 

Fluorescent  thin  films  have  been  prepared  by  incorporating 
fluorescent  dyes  into  alkoxide-derived  Si02  and  Si02-Ti02  films  with 
the  aid  of  a  surfactant.’*  The  dyes,  such  as  rhodamine  6G, 
rhodamine  B  and  oxazine-4 -perchlorate  were  either  encapsulated  in 
the  gel  coatings  as  they  formed  or  adsorbed  onto  the  pore  walls  of 
pre-formed  films.  Dyes  in  the  former  coatings  exhibited  good 
resistance  to  leaching  by  water,  in  comparison  to  the  adsorbed 
versions.  Photophysical  properties  of  the  films  indicated  that  the 
dye  molecules  were  trapped  within  closed  cages  of  Si02  or  Si02-Ti02 
and  that  dye  aggregation  was  considerably  reduced  compared  to 
aqueous  solutions. 

The  spectroscopic  behavior  of  rhodamine  6G  in  solution,  PMMA 
films  and  alkoxide-derived  Si02  have  been  compared.’^  The  inorganic 
matrix  gave  the  best  performance  with  stable  emission  and 
absorption  maxima  and  no  change  in  emission  intensity  over  a  period 
of  weeks.  Addition  of  /3-cyclodextrin  (a  cyclic  polysugar)  to  the 
starting  alkoxide  solution  gave  the  maximum  amount  of  monomers  in 
the  film.  The  monomer  is  highly  luminescent  while  the  dimer  is 
non-f luorescent .  Rhodamine  6G  has  also  been  incorporated  into 
alkoxide  derived  Si02  coatings  containing  silver  aggregates 
prepared  in  situ.’®  The  aggregates  gave  an  overall  increase  in 
absorption  and  emission  of  the  dye  due  to  energy  transfer  between 
the  fluorescent  dye  molecules  and  the  silver  particles  (interaction 
between  the  electric  dipole  of  the  dye  and  the  localized  electron 
clouds  on  each  of  the  silver  islands) . 

Many  dyes  have  been  incorporated  into  free  standing  AI2O3  films 
(10-100/im)  prepared  from  colloidal  sols.”'^®^  The  dyes,  such  as 
rhodamine  6G,  showed  lower  degrees  of  aggregation  in  the  films  than 
in  aqueous  solutions.  The  incorporation  of  surfactants  in  the 
starting  sol  enabled  a  monomeric  dispersion  of  the  dye  to  be  formed 
in  the  film.  When  a  film  containing  a  monomeric  dispersion  of 
rhodamine  6G  was  irradiated  with  a  N2  laser,  the  film  gave  a  laser 
emission  with  a  beam  divergence  of  -0.1  rad,  which  is  typical  of  a 
dye  laser.  The  calculated  conversion  efficiency  was  2.1%  which  is 
close  to  the  value  obtained  with  a  plastic  host.  However, 
continued  irradiation  resulted  in  bleaching  -  the  power  decrease 
was  linearly  proportional  to  the  shot  number  indicating  a  one- 
photon  process.  In  AI2O3  films  the  laser  emission  of  rhodamine  /3 
by  N2  laser  pumping  could  be  increased  by  the  addition  of  rhodamine 
6G,  which  increases  pumping  efficiency.’®’  Dyes  active  in 
photochemical  hole  burning  and  non-photochemical  hole  burning,  such 
as  sodium  resofurin,  5 , 8-dihydroxy-l , 4-naphthoquinone  and  a,0,y,S- 
tetrakis (4-sulphophenyl) porphine  have  also  been  incorporated  into 
AI2O3  films. 
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with  respect  to  non-linear  optics,  sol-gel  derived  composites 
of  SiOj  and  poly-p-phenylenevinylene  have  been  prepared The 
value  of  was  dependent  on  composition  and  was  >  5x10'^^  esu.  This 
material  formed  promising  waveguiding  films.  Recent  results  in  our 
laboratory  have  shown  that  significant  second  harmonic  generation 
can  be  obtained  on  incorporating  non-linear  organic  dyes,  such  as 
2-methyl-4-nitroaniline  into  organic-modif ied  inorganic  films. 
The  films  were  prepared  by  the  hydrolysis  and  co-condensation  of 
tetraethoxysilane  and  a  trimethoxysilylpropyl  substituted 
polyethyleneimine.  Sol-gel  approaches  to  SiOp-based  fluorescent 
paints’®^  and  Al203-based  marking  materials^®*  have  also  been 
successful . 

C.  Luminescent  Coatings 

Highly  luminescent  films  have  been  prepared  by  incorporating 
Tb^*  and  Eu^*  cryptates  into  sol-gel  derived  Si02.’°^  Processing  was 
performed  at  room  temperature  and  no  further  thermal  treatment  was 
used.  Encapsulation  of  the  lanthanides  in  cryptate  cages  overcame 
the  problem  of  quenching  due  to  the  effect  of  0-H  oscillators  on 
the  excited  states.  Similar  films  based  on  Ti02,  have  also  been 
investigated  as  sensors. In  this  application  the  luminescence  of 
the  Eu^*  cryptate  is  activated  by  the  molecule  to  be  sensed.  The 
porous  films  gave  absorption-energy-transfer-emission  when  exposed 
to  salts  of  light  harvesting  4-tert-butylbenzoic  acid. 

Cathodoluminescent  films  of  Tb^*  doped  Y2Si05  have  been  prepared 
from  Si(0Et)4  ^nd  nitrates. The  internal  conversion  of  these 
films  was  about  40%  of  that  of  single  crystal  material.  Zn2Si04:Mn 
phosphor  films  have  also  been  prepared."’  Films  up  to  15  ^m  thick 
could  be  obtained  by  using  intermediate  firing  steps.  The 
resultant  film  exhibited  green  luminescence  on  UV  and  cathode  ray 
irradiation. 

D.  Electrochromic  Films 


The  classical  electrochromic  (EC)  materials  are  W  and  Mo 
oxides.  Films  of  these  materials  are  typically  prepared  by  vacuum 
methods  such  as  evaporation  and  sputtering”^'’"  but  sol-gel  routes 
are  very  amenable  for  producing  EC  coatings.  WO3  coatings  have 
been  prepared  from  tungstic  acid”*'”^  and  tungsten  oxyalkoxides . ”® 
W03*nH20  coatings  deposited  from  colloidal  tungstic  acid  had  a  layer 
structure  leading  to  anisotropic  properties.”^  Chemical 
intercalation  of  long-chain  alkylammonium  ions  and  electrochemical 
intercalation  of  Li*  was  possible.  The  intercalation  of  Li*  caused 
a  blue  coloration.  The  coloring  efficiency  of  WO3  gels  has  been 
shown  to  be  comparable  to  coatings  prepared  by  other  procedures”®. 
WO3-M0O3  gels  have  been  cathodically  deposited  from  a  colloidal 
solution  of  H2WO4  and  H2M0O4.’” 


The  electrochemical  insertion  of  Li*  in  V2O5  gel  coatings  gave 
rise  to  anisotropic  layers  which  turned  from  yellow  to  green 
Thicker  (10  jum)  layers  gave  a  three-color  device  of  red-yellow- 
green.  Similar  treatment  of  Ti02  gel  coatings  derived  from 
Ti(0"Bu)4  gave  a  transparent  to  grey  color  change.  Acetate 
chelation  of  the  Ti  alkoxide  precursor,  prior  to  coating,  gave  rise 
to  similar  electrochemical  and  EC  properties  (similar  cyclic 
voltammogram  and  optical  switching) ,  but  yielded  a  blue  coloration 
instead  of  grey  due  to  different  ligand  field  environments . 

While  wet  chemical  routes  to  transition  metal  oxide  films  for 
EC  applications  are  attractive,  they  remain  relatively  unexplored. 
Process  advantages  over  conventional  vacuum  deposition  include  the 
use  of  inexpensive  coating  equipment  and  the  ability  to  coat  large 
areas  easily  .  Chemical  advantages  include  the  ability  to  form 
organically  modified  electrodes  by  using  chelating  agents  to  alter 
the  ligand  field  environments  of  transition  metal  ions.  Use  of 
chemical  methods  to  make  a  viable  multilayer  device  would,  however, 
be  complicated  by  the  interdiffusion  of  cations  using  several  dip- 
and-fire  steps  as  sharp  inter-layer  profiles  are  necessary  for  good 
EC  behavior. 

IV.  CONCLUDING  DISCUSSION 

Wet  chemical  processing  of  ceramics  offers  many  notable 
advantages,  which  have  been  summarized  in  previous  publications. 
The  issues  of  precursor  cost  and  drying  stresses  seem,  however,  to 
limit  appreciably  the  application  of  such  methods  to  the  formation 
of  bulk  objects.  It  seems  clear  that  the  areas  of  greatest 
opportunity  are  those  of  forming  specialty  powders  (as  ferrites) 
where  the  ability  to  achieve  high  purity  and  tailored  chemistry  are 
important,  and  the  formation  of  coatings  for  a  variety  of 
applications. 

In  a  previous  paper^^^,  many  of  the  areas  of  potential 
application  for  wet  chemical  methods  in  the  production  of  coatings 
have  been  considered,  as  have  some  of  the  obstacles  to  the 
effective  implementation  of  such  methods.  The  present  paper  has 
focused  attention  on  the  use  of  such  methods  in  the  fabrication  of 
optical  thin  films  and  coatings. 

Many  of  the  critical  issues  identified  previously  for  coatings 
in  general  are  important  for  optical  coatings.  These  include  the 
need  for  coatings  with  a  high  degree  of  uniformity  in  thickness, 
often  over  large  areas,  sometimes  on  curved  surfaces,  with 
minimal/negligible  edge  effects;  chemical  homogeneity  in  complex 
multicomponent  systems;  thick  coatings  provided  in  a  single 
operation  (0.5nm  remains  an  effective  limiting  thickness  for 
ceramic  coatings,  for  reasons  which  are  poorly  understood) ;  shelf 
life  of  coating  solutions;  pinholes;  and  structural  inhomogeneity. 
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For  many  optical  applications,  it  is  clearly  desirable:  (a) 
to  explore  a  wider  range  of  chemistry,  including  far  more  extensive 
exploration  of  non-oxide  systems  and  systems  containing  non-oxides; 
(b)  to  investigate  a  wider  range  of  organically  modified  ceramic 
systems,  as  a  route  to  avoiding  the  0.5^m  barrier  in  coating 
thickness  as  well  as  to  developing  new  functionalities;  (c)  to 
understand  better  the  role  of  complexing  agents  in  film  development 
and  post-deposition  processing;  (d)  to  develop  improved  methods  of 
carbon  and  hydroxyl  removal;  (e)  to  improve  the  reproducibility  and 
reliability  of  coating  solutions  and  coatings  made  therefrom;  (f) 
to  establish  the  effects  of  processing  treatments  on  the  mechanical 
properties  of  films,  and  the  role  of  additives  in  modifying  these 
properties;  (g)  to  develop  useful  models  of  stress  development  in 
chemically  derived  films,  and  its  effect  on  n,  EO  coefficients, 
etc.  ;  (h)  to  develop  greatly  improved  ability  to  control  the 
crystallization  behavior  of  films,  particularly  oriented 
crystallization  and  the  development  of  single  crystal  layers;  (i) 
to  provide  expanded  and  more  detailed  characterization  of  the 
optical  properties  of  chemically  derived  films;  (j)  to  develop  the 
ability  to  control  the  grain  size  and  domain  characteristics  of 
polycrystalline  films  and  to  bypass  formation  of  the  pyrochlore 
phase;  and  (k)  to  expand  greatly  the  range  of  dye-matrix  systems 
and  provide  more  detailed  characterization  of  the  optical 
properties  of  such  systems. 

Taken  in  toto,  notable  progress  has  been  made  during  the  past 
few  years  in  the  area  of  optical  coatings  by  wet  chemical  methods. 
Much,  however,  remains  to  be  done,  and  not  alone  in  the  technical 
areas  cited  above.  One  needs  effective  collaboration  -  not  only 
between  chemists,  ceramic  scientists  and  optical  scientists,  but 
also  and  perhaps  now  more  importantly  between  wet  chemical 
technologists  and  creative  device  engineers  who  can  understand  and 
utilize  the  attractive  and  sometimes  unique  opportunities  offered 
by  wet  chemical  processing. 

Beyond  this,  we  have  seen  a  number  of  areas  where  wet  chemical 
methods  provide  viable  alternatives  to  conventional  processing  for 
fabricating  optical  films;  yet  the  new  methods  have  failed  to 
supplant  the  old  in  the  world  of  commerce.  One  needs  therefore  to 
appreciate  the  long  delay  times  involved  in  introducing  any  new 
technology  to  the  marketplace,  and  the  myriad  of  nitty-gritty 
problems  which  must  be  solved  in  translating  advances  in  the 
laboratory  into  products.  Beyond  this,  one  needs  to  develop  a  new 
paradigm  to  render  more  efficient  this  translation  from  invention 
to  innovation,  and  hence  to  make  our  research  more  effective. 
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Temperature  (°C) 


rigrur«  1:  Index  vs.  temperature  for  Si02-Ti02 
waveguides  fired  to  400  °C  for  15  minutes. 
Prebaked  samples  were  heated  to  100  °C  for  1.5 
minutes  prior  to  being  plunged  into  furnace  at 
isothermal  temperature  [Reference  23] . 


Tlgrur*  2:  Index  vs.  shrinkage  measured  for 
Si02-Ti02  waveguides  prebaked  1.5  minutes  at 
100  °C  and  then  heated  isothermally  for  an 
hour  at  the  indicated  temperatures  [Reference 
23] . 


I 


Figure  3:  (a)  SEM  micrograph  showing  a  top  view  of  an  embossed  grating  In  Si02-Ti02 

waveguide.  The  light  regions  are  the  gralng  ridges,  the  dark  stripes  are  troughs.  The 
grating  period  is  0.52  fim.  (b)  High  magnification  cross-sectional  micrograph  of  the  embossed 
grating  features  [Reference  29] . 
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ABSTRACT 

Process  parameters  introduce  a  wide  range  of  property  and  behavior  variations  in 
inorganic  coatings  deposited  from  metal-organic  derived  solutions.  The  modifications  occur  in 
the  molecular,  morphological,  and  the  stoichiometric  states  and  present  some  unique  design 
opportunities  for  applications  in  the  optical  and  electronic  fields.  The  nature  of  the  modifi¬ 
cations  and  the  processing  parameters  that  introduce  the  modifications  are  discussed  for  the 
metal-organic  derived  oxide  coatings. 

2.  INTRODUCTION 


Sol-gel  derived  oxide  films  may  be  deposited  either  from  colloidal  suspensions  or  clear 
polymer  solutions  prepared  from  metal-organic  compounds*'^.  The  latter  solutions  contain  oxide 
constituents  in  chemical  association  with  solvating  organic  groups,  and  upon  application  deposit 
a  glass-like  film  on  substrates.  A  bake  temperature  of  -300-500°C  is  required  to  drive  off  the 
organic  components.  Sol-gel  derived  films  are  finding  ever-increasing  applications  in  various 
technologies  due  to  some  unique  characteristics  and  design  advantages  . 

Typical  characteristics  of  films  deposited  from  polymeric  solutions  are: 

•  porous  (“30-70%  porosity,  “lO-lOOA  pore  size) 

•  contains  organic  and  hydroxyl  groups  (“5-10%  wt.) 

•  amorphous 

•  thickness  is  limited  (t  <  ==  l/^m) 

•  properties  are  variable. 

These  and  other  properties  are  very  sensitive  to  processing  parameters.  The  modifications  can 
occur  at  various  levels  in  molecular  structure,  in  stoichiometry,  in  morphology  and  porosity. 
Physical  constraints,  such  as  film  thickne.ss,  are  also  found  to  have  substantial  effect  in  film 
properties. 

One  characteristic  that  singularly  differentiates  sol-gel  derived  films  is  its  pore 
morphology.  This  porosity  presents  some  unique  opportunities  in  a  number  of  fields,  including 
membrane  technology,  catalysis,  composites,  etc.  The  best  opportunity  created  by  this 
characteristic  appears  to  ocair  in  the  optical  field.  For  this  reason,  pore  morphology  in 
relation  to  optics  is  briefly  discussed  prior  to  the  presentation  of  the  effects  of  process 
parameters. 
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3-  POROSn  Y  OF  SOL-GP-L  FILMS  AND  IIS  IMPLICATIONS  IN  OPl  lCS 

Tliere  is  a  significant  technological  and  economic  need  for  antireflcctive  (AR)  coatings. 
For  example,  operation  of  high  power  laser  systems  without  AR  coating  not  only  can  cause 
considerable  damage  to  the  optics  but  also  the  reduced  energy  transmission  through  reflective 
surfaces  would  represent  millions  of  dollars  for  a  relatively  small  (20  KJ)  laser  fusion  system. 
Most  gla.sses  reflect  ~4%  of  incident  light  from  each  surface.  Elimination  of  this  reflection 
would  represent  a  corresponding  increase  in  the  efficiency  of  devices  that  use  transmitted 
radiation  . 

The  coating  of  a  surface  with  a  nonabsorbing  film  is  one  way  of  eliminating  the 
reflectance.  For  a  coated  surface,  the  minimum  reflection  is  given  by 


Rm  =  (n\  -  nin2)^  /  (n\+  nin2)^  , 


(1) 


where  n<.  is  index  of  coating,  ni  is  index  of  medium  and  n2  is  index  of  substrate. 

From  Equation  (1)  it  is  obvious  that,  in  air  (nj  =  1)  for  the  minimum  reflectivity  to  be 
zero,  i.e.,  Rm  =  0,  the  numerator  in  Equation  (1)  must  be  zero,  therefore,  the  relation  between 
the  indices  of  the  substrate  and  coating  must  be 


rv  = 


v^'n2  , 


(2) 


The  thickness  of  the  film  t  must  also  meet  the  quarterwave  optical  thickness  requirement 

t  =  /  (4n.),  (3) 

where  A  is  the  wavelength  of  minimum  reflectivity. 

This  means  that  an  antireflective  (AR)  film  on  a  glass  having  an  index  of  refraction  of 
1.52,  must  have  an  index  of  -1.23  from  Equation  (2).  This  low-index  requirement  makes  it 
practically  impossible  to  design  a  dense  single-layer  AR  film  for  glass.  The  lowest  index 
inorganic  material  MgF2  has  an  index  of  1.38,  which  would  only  reduce  the  minimum  reflection 
to  -1.2%  from  Equation  (1). 

Figure  1  shows  how  the  reflectivity  varies  as  the  index  of  refraction  and  thickness  of 
coating  deviate  from  the  ideal  values  indicated  by  Equations  (2)  and  (3). 

The  index  of  refraction  of  a  material  is  related  to  its  density,  which  can  be  lowered  by 
introducing  porosity.  It  is  required  that  the  pore  size  be  substantially  smaller  than  the 
wavelength  of  the  light,  and  the  pore  distribution  must  be  homogeneous  in  order  not  to  cause 
scattering.  These  are  the  conditions  that  naturally  exist  in  sol-gel  derived  materials. 
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The  density  and  index  of  refraction  in  this  type  of  material  are  related  by 


9 


(n'p  -  1)  /  -  1)  =  dp  /  d. 


(-t) 


where  n<j  and  d^  are  index  and  density  of  the  dense  material,  and  np  and  dp  are  index  and 
density  of  the  porous  material. 

Equation  (4)  can  be  written  in  terms  of  porosity: 


n^p  =  (n^-  1)  (1  -  P/100)  +  1, 


(5) 


where  P  is  percent  porosity. 

Listed  in  Table  1  are  the  amounts  of  porosity  required  to  lower  these  indices  to  1.21,  the 
square  root  of  the  refractive  index  of  the  SiOa  substrate. 

Table  1.  Reduction  of  Refractive  Index 
by  Inclusion  of  Nonscattering  Porosity  for  AR  Coating  on  Silica 


Oxide 

Refractive  Index 

-%  Porosity 
required  for 
n  =  1.2r 

Si02 

-1.46 

53 

AI2O3 

-1.6 

73 

L22O3 

-1.8 

80 

Th02 

-1.9 

83 

Hf02 

-2.0 

85 

®  Square  root  of  the  refractive  index  of  Si02. 


The  porosities  indicated  in  Table  1  are  readily  obtainable  in  sol-gel  derived  oxides 
Fifty  to  70  percent  porosity  is  routinely  obtained  for  bulk  Si02  and  AI2O3  produced  by  sol-gel 
methods.  Still,  a  porous  coating  whose  refractive  index  is  the  square  root  of  that  of  the 
substrate  and  whose  thickness  is  tuned  to  suppress  reflection  at  a  particular  wavelength  will 
not  do  so  across  the  entire  spectrum.  Broadband  antireflection  with  a  single  layer  requires  a 
coating  with  a  graded  index  of  refraction.  Introduction  of  graded  porosity  within  the  coating 
will  accomplish  this.  Such  a  graded  porous  coating  can  be  formed  by  grading  the  porosity  by 
chemical  leaching  of  a  sol-gel  deposited  oxide  film’®^".  Figure  2  shows  the  spectral  transmission 
curve  on  a  fused  silica  substrate  coated  with  graded  porosity  Si02  film”. 

As  will  be  further  discussed  in  the  following  sections,  the  formation  of  this  graded 
porosity,  its  thermal  behavior  and  its  density  are  strongly  dependent  on  process  parameters. 
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Fig.  1.  Antireflectivity  produced  by 
a  single  layer  coating,  as  a  function 
of  its  index  and  thickness. 


Fig.  2.  Broad  band  antireflectivity  of  a 
graded  porosity  sol-gel  Si02  coating  on 
quartz. 


4.  PROCESS  PARAMETERS  AND  THEIR  EFFECTS 


The  entire  sol-gel  coating  process  is  normally  carried  out  in  three  sub-stages.  TTiese  are 
(a)  solution  preparation,  (b)  solution  application,  and  (c)  heat  treatment.  In  the  first  stage, 
chemical  parameters  predominate.  In  the  .second  stage,  physical  and  mechanical  parameters 
play  predominant  roles.  In  the  last  stage,  both  chemical  as  well  as  physical  parameters  come 
into  play. 

4.1  Solution  preparation  parameters 

In  most  metal  alkoxide  systems,  hydrolysis  reactions  rapidly  lead  to  condensation  of 
insoluble  oxide  and  hydroxide  particles,  making  the  solution  unsuitable  for  optical  coating 
applications.  These  difficulties  have  been  circumvented  by  Schroeder  and  others’^’^  by  using 
unhydrolyzed  metal  alkoxide  solutions  as  coating  precursors  and  allowing  the  air  humidity  or 
surface  OH  groups  present  on  surfaces  to  hydrolyze  the  alkoxides.  A  wide  variety  of  oxides 
has  been  deposited  by  this  technique. 

Recently,  techniques  have  been  developed  which  allow  clear  polymerized  solutions  of 
almost  any  oxide  to  be  made’^*!  These  solutions  are  prepared  by  controlled  reactions  of 
metal  alkoxides  with  water  in  a  mutual  solvent  such  as  alcohols.  These  hydrolysis  reactions 
result  in  the  formation  of  soluble  polymeric  species  whose  skeleton  in  an  oxide  network  are 
framed  by  hydroxyl  and  ester  groups. 

Deposition  of  oxide  films  from  these  solutions  does  not  depend  on  external  supply  of  H/) 
or  OH  groups  to  complete  the  oxide  forming  reactions.  The  terminal  groups  not  only  keep 
the  species  in  soluble  form,  they  also  enable  the  system  to  polymerize  into  an  extended  oxide 
network,  thus  permitting  continuous  film  formation;  for  example: 
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=  Ti-OH  +  RO-Ti  = 


=  Ti-0-Ti=  +  ROH. 


(6) 


=  Ti-OH  +  HO-Ti=  ^  =Ti-0-Ti=  = 


(7) 


The  parameters  that  introduce  molecular  and  chemical  variations  in  these  solutions  may 
be  listed  as  follows** 

•  Selection  of  starting  compounds  and  host  medium. 

•  Water/alkoxide  ratio. 

•  Molecular  separation  by  dilution. 

•  Catalytic  effects,  pH. 

•  Reaction  temperatures. 

By  affecting  the  kinetics  of  condensation  reactions,  these  parameters  determine  the 
molecular  size,  network  topology,  the  nature  of  terminal  groups  of  the  condensation  product, 
e.g.,: 


SipO  2n-(k  +  p/2i(0R)k(0H)p 


(8) 


where  "n"  is  the  number  of  silicons  polymerized  in  the  polymer  molecule,  "k"  and  "p"  are  the 
number  of  terminal  groups  "OR"  and  "OH".  The  oxide  content  of  the  polymer  becomes  a 
function  of  size,  n,  topology  and  type  of  terminal  groups.  The  oxide  content  of  gel  film  is 
related  to  the  extent  of  polymerization  and  the  nature  of  the  terminal  groups.  This  property 
is  very  sensitive  to  water/alkoxide  ratio.  By  manipulation  of  this  parameter,  one  can  deposit 
Si02  and  Ti02  films  whose  oxide  content  is  as  low  as  70%  or  as  high  as  95%  by  weight’ . 

During  the  hydrolytic  condensation  the  alkoxides  of  lower  alkyl  groups  generally  produce 
polymers  having  a  higher  oxide  content.  The  host  medium  also  affects  this.  Hydrolysis 
products  produced  in  lower  alcohols  have  a  higher  equivalent  oxide  content.  For  example, 
when  Ti(OC2H5)4  is  hydrolyzed  in  ethanol  (C2H5OH)  and  dried  at  100°C,  the  oxide  content  of 
the  gel  by  weight  is  -83-84%.  This  figure  drops  to  about  73%  when  the  hydrolysis  is 
performed  in  butanol,  C4H5(0H)*.  Consequently,  Ti02  films  deposited  from  the  latter  solution 
have  a  lower  index  of  refraction  and  are  generally  inferior  due  to  their  lower  density  after  heat 
treatment. 

The  effect  of  water/alkoxide  ratio  on  sintering  is  also  dramatic'"^.  The  terminal  groups 
affect  the  densification  behavior  of  the  re.sultant  films  and  eventually  determine  its  pore 
morphology.  In  a  recent  study,  it  was  observed  that  only  when  Si(0C2H5)4  was  hydrolyzed  with 
2.0  to  2.8  moles  water,  it  deposited  Si02  films  which  produced  suitable  porosity  for  broad  band 
AR  coating  under  the  specific  conditions*  (see  Table  1  in  Reference  8). 

Finally,  Table  2  shows  the  effect  of  the  dispersion  medium  on  the  pore  morphology  and 
surface  area  of  AI2O,  fired  at  600°C. 
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'  Table  2. 

Effect  of  Di.spersion  Medium 

on  Alumina  Gel  Porosity 

Dispersion  Medium 

Average  Pore 
Radius 

(A) 

Total  Pore 
Volume 
(mlg") 

Surface  Area 

(mV) 

Methyl  alcohol 

47 

0.27 

Ethyl  alcohol 

50 

0.37 

Water 

55 

0.57 

Propylene  glycol 

71 

0.52 

Triethylene  glycol 

96 

0.82 

•Fired  at  600°C. 


4.2  Solution  deposition  parameters 

The  precursor  solution  is  applied  on  substrates  by  any  liquid  application  methods 
including  dipping,  spinning  and  spraying,  depending  on  the  substrate  geometry,  etc.  For  optical 
applications,  preferred  methods  are  dipping  the  substrate  into  the  liquid  followed  by  a 
controlled  rate  of  pulling  the  substrate  out  (or  draining  the  solution)  or  spinning  the  solution 
on  substrate. 

These  two  processes  involve  drastically  different  speeds  and  shear  rates  under  which  the 
polymer  molecules  are  aligned  and  deposited  on  the  substrate.  Spin  coating  dries  the  film  in 
a  few  seconds  in  a  dynamic  condition.  Drain  coatings,  typically  at  several  cm/min,  allows  for 
polymer  alignment  into  a  denser  configuration".  Surface  roimhness  of  spin  coated  films  is 
found  to  be  significantly  higher  than  dip  or  drain  coated  films^‘^1  Thus,  morphology  created 
by  the  application  of  a  given  polymeric  solution  is  significantly  different  for  the  drain  process 
than  for  the  spin  process. 

Figure  3  shows  coating  thickness  as  a  function  of  the  application  rate  in  spin  coating  of 
5-cm  diameter  fused  silica  disks  with  a  solution  in  silica  system®.  Under  these  conditions, 
films  thicker  than  1000-1100  nm  tend  to  craze. 

Figure  4  shows  coating  thickness  as  a  function  of  pull  or  drain  rate  in  the  drain  coating 
process.  As  shown  in  this  case,  film  morphologv  is  such  that  the  coating  starts  to  craze  at  600 
nm. 


Densification  of  these  films,  as  shown  in  Figure  5,  indicates  the  fundamental  differences 
between  the  films  deposited  by  spin  coating  and  dip  coating  as  well  as  it  elucidates  the  nature 
of  the  crazing  in  these  films.  When  1  ^ixx\  thick  spin  coated  film  is  densified  its  thickness  is 
reduced  by  --50%,  indicating  it  was  initially  -50%  porous.  The  thickness  reduction  of  drain 
coated  films  upon  densification  is  approximately  half  as  much  as  this,  indicates  that  the  initial 
porosity  was  half  as  much. 
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Fig.  3.  Coating  thickness  as  a  function 
of  spin  speed  on  5-cm  diameter  optically 
polished  silica  disks. 


Fig.  4.  Coating  thickness  as  a  function  of 
solution  drain  rate  on  optically  polished 
silica. 


Spin  Rate  ( rpml 


Fig.  5.  Thickness  of  Si02  films 
as  a  function  of  application  rate 
by  spin  and  dip  coating  before 
(solid  lines)  and  after  (dash 
lines)  the  densification.  Note 
that  after  densification  crazing 
thickness  becomes  about  the 
same.  Also  compare  the  film 
shrinkages  at  point  "A"  where 
the  as-deposited  thickness  is  the 
same. 


Figure  5  indicates  two  other  significant  events.  The  first  one  is  that  when  densified,  the 
crazing  thickness,  i.e.,  1100  nm  for  spin  coating,  600  nm  for  dip  coating,  becomes  about  the 
same  for  both  types  of  films,  -600  nm.  This  indicates  that  the  crazing  phenomenon  in  this  film 
is  directly  related  to  the  density,  i.e.,  t^  1/d.  The  second  indication,  which  is  somewhat  more 
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surprising,  is  that  as  the  films  get  thinner  they  are  deposited  denser.  This  means  that  a  degree 
of  density  and  refractive  index  gradient  normally  occurs  in  sol-gel  deposited  films. 

4,3  Heat  treatment  parameters 

Sintering  and  densification  of  sol-gel  films  are  not  smooth  functions  of  temperature. 
There  are  temperature  regimes  where  there  are  selective  chemical  bond  cleavages,  and  certain 
chemical  components  are  released.  Since  intermolecular  atmosphere  within  the  film  is  diffusion 
dependent,  the  heat  rate  becomes  important,  especially  as  the  film  gets  thicker. 

Atmospheric  effects  are  extremely  important  in  certain  systems.  A  100%  Ti02  film  baked 
in  air  to  500°C  has  an  index  of  refraction  of  ~2.1.  The  same  film  gives  an  index  of  -2.4  if  the 
baking  is  performed  in  vacuum.  Figure  6  shows  this  effect  of  heat  treatment  atmosphere 
which  diminishes  as  the  composition  changes  from  Ti02  to  Si02  in  Ti02  -  Si02  binary^. 

However,  atmospheric  humidity  has  a  significant  effect  on  the  densification  of  silica  films. 
Silica  films  that  are  normally  densified  at  around  -900-1000°C  are  found  to  density  around  450 
-  500°C  when  exposed  to  humid  atmosphere. 


Fig.  6.  Effect  of  heat  treatment 
atmosphere  on  the  index  of  re¬ 
fraction  of  coating  as  a  function 
of  its  composition  in  the  Ti02- 
Si02  binary. 


T'(^  W  40  60  80  SIO^ 

»  (W1.  ) 

5.  FILM  THICKNESS  EFFECT 

One  of  the  more  interesting  aspects  of  sol-gel  deposited  films  is  the  naturally  occurring 
density  gradient^  As  was  seen  in  Figure  5,  the  relative  thickness  differences  between  the  as- 
deposited  state  and  the  densified  state  diminishes  as  the  films  are  deposited  thinner  and 
thinner. 
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Fig.  7.  Effect  of  film  thickness  on 
refractive  index  of  Ti02  films  deposited 
on  quartz  (from  Reference  2). 


Fig.  8.  Scanning  electron  micrograph  of 
a  laser  damage  site  in  a  sol-gel  deposited 
Si02  AR  coating  on  quartz.  Note  the 
layered  morphology. 


Figure  7  brings  this  aspect  of  sol-gel  deposited  films  into  sharper  focus.  Here  the 
refractive  index  indicates  that  the  density  of  Ti02  films  increases  with  decreasing  thickness.  It 
is  even  more  revealing  that  the  differences  between  the  air  bake  and  vacuum  bake  films  also 
diminish  with  decreasing  thickness  and  completely  disappears  around  -100-150A.  A  reasonable 
interpretation  of  this  is  that  at  around  -lOOA  thickness  the  Ti02  films  become  completely  dense; 
a  case  under  which  the  effect  of  the  bake  atmosphere  on  densification  becomes  inoperative. 
The  impervious  nature  of  very  thin  Ti02  films  has  also  been  demonstrated  chemically  (for 
example,  see  Figure  8  in  Reference  2). 


It  is  thought  that  in  thinner  films,  the  polymer  alignment  attained  by  the  spinning  or 
dipping  motion  is  less  likely  to  become  disoriented  by  fast  drying  and  geometrical  constraints. 
This  effect  of  thickness  on  the  index  of  refraction  appears  to  be  operative  in  all  thin  films 
deposited  from  polymerized  solutions.  For  example,  a  Ta205  film  similarly  deposited  and  baked 
at  500°C  in  air  had  a  refractive  index  of  1.938  when  the  film  was  475A  thick  and  1.917  when 
the  thickness  was  675A.  The  same  effect  was  found  for  Si02  filmsl 


In  Figure  8,  the  scanning  electron  micrograph  of  a  laser  damage  site  (4  ;^m  in  diameter) 
of  an  Si02  antireflective  film  deposited  on  quartz  clearly  shows  the  density  layers  of  this  film  . 
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6.  SUMMARY 


Properties  of  sol-gel  derived  oxide  coatings  are  significantly  modified  by  process 
parameters.  Main  effects  are  summarized  below. 

Precursor  Effects:  Alkoxides  of  lower  alkyls  produce  denser  films  with  higher  initial  oxide 
content.  The  same  applies  to  solvent.  Porosity,  pore  size  and  surface  area  are  strongly 
affected  by  the  dispersion  medium. 

Condensation  Effects:  Hydrolytic  condensation  under  diluted  conditions  result  in  smaller 
molecular  size,  finer  texture,  generally  higher  porosity.  Hydrolysis  with  higher  water/alkoxide 
ratio  gives  solutions  depositing  denser  films,  with  enhanced  sinterability. 

Method  of  Deposition  Effects:  Spin  coating  gives  significantly  higher  porosity,  and  surface 
roughness  than  dip  coated  films. 

Thickness  Effect:  There  are  significant  density  gradient  in  the  first  several  hundred 
angstrom  of  sol-gel  deposited  films.  The  first  ‘100-150  A  layer  appears  to  be  substantially 
dense. 

Heat  Treatment  Effects:  There  are  significant  atmospheric  effects  in  some  oxide  systems. 
There  are  thermal  conditions  which  lead  to  selective  clevage  if  bonds  with  significant 
consequences. 
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ABSTRACT. 


Pursuing  our  official  collaborative  ICF-laser  search  and  development  program  at  Limeil  National 
Laboratory  (LNL)  with  the  Lawrence  Livermore  National  Laboratory  (LLNL)  for  high  damage  threshold 
optical  coatings,  we  have  now  formally  established  that  Sol-Gel  highly  reflective  coatings  prepared  from 
colloids  are  superior  to  those  prepared  from  solutions  of  precursor  materials.  Thus,  single  layer  coatings  of 
bohemite  Al^O^.H^O  have  been  prepared  on  fused  silica  and  BK-7  substrates  from  aqueous  colloidal 
suspensions  of  hydrated  alumina  at  room  temperature.  Such  coatings  were  porous  and  therefore  revealed  a 
measured  refractive  index  of  about  1.44,  lower  than  the  relevant  dense  material.  These  single  coats  when 
laser  damage  tested,  have  exhibited  thresholds,  under  S-on-1  irradiation  mode  (S  shots  at  the  same  fluence 
onto  a  selected  site)  of  respectively  12-14  J/cm^  with  3-ns  pulses  and  35-50  J/cm^  with- 16  ns  pulses  at  30-Hz. 
Multilayer,  high  reflectivity,  dielectric  coatings  were  also  prepared  at  room  temperature  by  laying  down 
quarterwave-thick,  alternating  coats  of  this  alumina  with  silica  also  prepared  from  colloidal  sol,  and  having 
a  refractive  index  of  1.22.  To  achieve  99  %  reflectivity  32  to  36  total  layers  were  required.  Such  HR-coatings 
revealed  damage  thresholds  as  good  as  those  of  single  layers  of  the  constituing  oxides  in  the  same  laser 
conditions. 


1.  INTRODUCTION. 


Since  the  first  incidental  observation  in  1846*  of  the  "Sol-Gel"  process,  and  which  covered  the 
hydrolysis  and  polycondensation  of  silicic  acid  under  humidity  until  a  silicate  glass  formation  occured,  it  is 
reasonable  to  state  that  a  well-marked  revival  of  such  a  method  started  with  the  works  of  Dislich^  and  Roy^ 
about  20  years  ago.  Many  results  have  been  published  since  then,  but  the  future  of  this  technology  depends 
mainly  on  whether  it  will  be  able  to  make  better  materials  or  even  completely  brand  new  materials. 
Therefore,  a  real  process  mastery  is  required  from  both  a  scientific  and  technologic  point  of  view. 

Nowadays  an  increasing  interest,  from  both  academic  and  industrial  laboratories,  is  devoted  to  this 
new  technology.  Indeed,  it  is  to  date  well-recognized  that  the  sol-gel  process  is  a  very  attractive  versatile 
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route  for  the  preparation  of  porous  or  dense  films  and  monolithic  bodies  of  high  purity  glasses  and 
ceramics.  Since  the  advent  of  such  a  chemical  method  many  "exotic"  new  composite  systems  with  unusual 
microstructures  and  physico-chemical  pn  perties  have  been  obtained.  Most  of  these  sol-gel  innovations 
have  been  regrouped  through  excellent  books  of  papers  submitted  in  basic  sympcsia^  '^  and  also  through  a 
recent  book  describing  the  principles,  developments,  techniques  and  applications  of  sol-gel  processing*’. 

The  uniqueness  of  the  so-called  "Sol-Gel"  process  is  to  go  all  the  way  from  the  precursor  to  the 
product,  allowing  better  control  of  the  whole  process  and  the  synthesis  of  "tailor-made"  ultrapure 
materials.  Such  an  approach  is  basically  articulated  in  three  steps  : 

1.  Preparation  of  a  solution  or  colloidal  suspension  of  the  suitable(s)  component(s).  This  step  gives 
the  SOL. 

2.  Gelation  of  the  SOL  by  polymerization  or  coagulation.  This  step  gives  the  GEL. 

3.  Conversion  of  the  wet  GEL  to  a  useful  product,  generally  through  a  thermal  treatment 

Products  vary'  from  films  to  fine  homogeneous  powder  to  monolithic  bodies.  This  is  illustrated  in 
Figure  1. 


Fibers  Coatings  Fins  powder  Dense  body 

Figure  1 .  Several  and  various  products  can  be  prepared  by  the  sol-gel  process. 


Coatings  appear  to  be  one  of  the  most  promising  applications  of  the  sol-gel  process.  Optical  films 
for  architectural  uses  deposited  onto  glass  windows  by  dip-coating  are  already  commercially  available  from 
Schott  since  the  1960s’^. 

Two  methods  are  commonly  used  for  the  preparation  of  coatings  by  the  sol-gel  process  : 

a)  Application  of  a  precursor  solution  to  a  substrate  with  a  subsequent  conversion  of  the  precursor  to  an 
oxide  or  an  other  product  family  on  the  substrate  surface.  This  normally  requires  the  combination  of  water 
and  heat. 
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b)  Application  of  a  colloidal  suspension  of  an  oxide  or  other  material  followed  by  an  evaporation  of  the 
suspending  medium.  This  can  usually  be  accomplished  at  room  temperature. 


It  is  very  important  to  differentiate  clearly  each  of  these  coating  routes.  The  precursor-solution 
approach  has  been  already  investigated  in  1962  at  Schott-Germany  for  protective  coatings  onto 
architectural  glass  windows  of  poor  chemical  resistance’^,  then  in  Soviet  Union  in  1967  for  durable  laser- 
coating;.’^  and  more  recently  at  LLNL  (University  of  California)  for  the  preparation  of  laser  damage 
resistart  highly  reflective  dielectric  multilayer  stacks’^. 

'Ihe  work  described  in  this  paper  is  part  of  a  continuing  effort  we  maintain  at  Limeil  National 
Laboratory  and  in  synergy  with  our  collegues  of  the  Lawrence  Livermore  National  Laboratory  on  the 
preparation  of  high  damage  threshold  coatings  suitable  for  use  on  the  optical  components  of  current  and 
future  high-power  lasers  devoted  to  laser-fusion  experiments  (ICF-program). 

Previous  works,  with  the  same  objective  to  develop  highly  damage  resistant  optical  thin-films  on, 
porous  silica  antireflective  (AR)  coatings’^  ’^,  porous  fluoride  AR  coatings’*,  ThO^  and  ThO^-SiO^  HR 
coatings*'^,  Ti02  and  TiO^-SiO^  HR  coatings^’’’^’,  and  more  recently  on  ZrO^  and  ZrO^-SiO^  HR 
coatings^^  and  on  Ta^O,  and  Nb^O^  reflective  coatings^^  have  been  essentially  reported  over  these  last  five 
years  by  Thomas  ancT  Floch.  For  details  of  experimental  procedures  and  product  performances  referal  to 
the  given  literature  is  recommended.  At  this  juncture,  it  is  clear  to  precise  that  doctor  Ian  M.  Thomas  is 
likely  the  pioneer  as  for  the  development  and  promotion  of  highly  damage  resistant  sol-gel  coatings 
presently  used  in  the  most  powerful  laser-systems  operating  at  Livermore  (Nova  100  KJ  -  1  ns)  and  Limeil 
(Phebus  20  KJ  -  1  ns)  laboratories  and  elsewhere^'*. 

Our  investigation  is  based  on  the  use  of  colloidal  suspensions  as  coating  media.  Indeed,  it  is  now 
clearly  established  that  dielectric  multilayered  mirrors  must  be  built  up  from  colloidal  media  (Sols)  and  not 
from  solutions  (Gels)  as  summarized  and  illustrated,  in  a  recent  survey^^,  and  not  even  more  by  the  use  of 
chelated-solutions^^.  The  main  practical  advantage  of  the  colloidal  route  over  other  systems,  especially 
when  large  optics  are  considered  is  probably  the  room  temperature  processing,  because  only  solvent 
evaporation  is  required  after  application  of  the  coating  suspension.  There  is  also  the  advantage  of  the  low 
capital  cost  of  equipement  and  the  low  cost  of  processing.  Finally,  such  an  approach  allows  the  elaboration 
of  stress-free  coatings,  that  is  benificial  because  strain  is  suspected  to  be  prejudicial  to  high  laser  damage 
threshold  achievement. 

More  precisely,  the  aim  of  this  paper,  in  continuation  of  recent  works  ,  is  to  present  and  evaluate 
properties  of  single-layer  Al^O^.H^O  coatings  deposited  from  a  specific  alumina  suspension.  By  associating 
these  coatings  with  coatings  of  silica  also  obtained  from  colloids’*  ’^,  we  have  been  able  to  produce 
multilayered  HR  dielectric  films.  All  coatings  were  optimized  in  optical  response  for  use  at  1064-nm 
wavelength,  this  being  the  current  wavelength  of  interest  in  Nd  :  doped  solid  state  lasers. 


2.  COLLOIDAL  ALUMINA  SUSPENSIONS. 

Since  Gay  Lussac’s  pioneering  Work  in  1810^^,  numerous  studies  have  been  addressed  for  obtaining 
colloidal  alumina  sols  and  gels.  Basically,  we  can  distinguish  three  categories  of  chemical  synthesis,  all  of 
which  have  been  widely  used  for  the  production  of  a  variety  of  ceramics.  The  first  method  concerns  the 
forced-hydrolysis  of  aluminum  salts  and  has  been  patented  by  Bugosh^*.  The  second  one  provides  a  process 
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for  the  preparation  of  a  stable  sol  which  comprises  contacting  an  aluminum  salt  with  an  epoxy  compound 
leading  to  hydrated  oxide  formation.  This  synthesis  by  partial  neutralization  has  been  patented  by  Lane^^. 
The  third  access  to  alumina  colloids  deals  with  the  ability  of  freshly  precipitated  aluminum  hydroxide  from 
homoleptic  trialkoxides  to  redisperse  progressively  by  adding  suitable  acid  electrolytes^^.  The  references 
mentioned  are  by  no  means  complete,  and  should  be  considered  exemplary  only. 

Although  aluminum  salts  are  very  convenient  precursors  for  colloidal  alumina  preparation,  we  have 
preferred  to  start  with  molecular-precursors  as  alkoxides,  because  many  of  them  are  volatile  liquids  that  can 
therefore  be  readily  purified  by  fractional  distillation.  As  impurities  can  contribute  to  laser  damage,  this 
latter  factor  is  of  significant  importance.  Accordingly,  the  digestion  in  acidic  medium  of  freshly 
precipitated  hydroxide  to  a  clear  sol  was  retained  as  the  preparative  method,  because  metal  alkoxide 
compounds  are  very  sensitive  to  hydrolysis.  Indeed,  most  of  the  metal  alkoxides  are  extremely  reactive 
species  which  may  be  due  to  the  presence  of  electronegative  alkoxy  groups  making  the  metal  atoms  highly 
prone  to  nucleophilic  attack.  We  specifically  selected  for  our  purpose  an  adoption  of  the  Yoldas  method^^. 
Such  a  method  involved  the  hydrolysis  of  an  adequate  aluminum  trialkoxide  in  hot  water  followed  by  the 
addition  of  a  critical  amount  of  certain  organic  or  inorganic  acids,  to  resuspend  the  precipitated  aluminum 
hydroxide.  The  overall  reaction  can  be  represented  as  follows  ; 


2Al(0R)3-t-4H20  —  Al^Oj.H^O  +  6  ROH 

We  chose  the  aluminum  sec-butoxide,  Al(OC^Hy),,  as  alkoxide  starting  material,  because  it  is  a 
suitable  liquid  that  boils  roughly  at  150°C  under  0.25  mmHg,  and  hydrochloric  acid  rather  than  nitric  acid 
as  the  electrolytic  stabilizer  because  the  major  absorption  band  of  likely  residual  chloride  anion  in  the 
coating  is  at  about  180  nm  (UV-cut  ofT)  and  therefore  is  far  away  from  the  wavelength  of  our  interest  1064- 
nm.  The  use  of  organic  dispersing  agents  such  as  acetic  or  trichloroacetic  acids  has  been  precluded  because 
these  acids  require  a  mild  heat  treatment  for  efficient  removal  and  in  addition  they  tend  to  favorize  the 
presence  of  carbonaceous  residues  inside  the  final  coating.  This  last  point  is  suspected  as  detrimental  for 
laser-resistance^*. 

Hydrolysis  of  aluminum  sec-butoxide  was  performed  by  introducing  rapidly  the  alkoxide  into  excess 
hot  water  under  vigourous  stirring  ;  the  sec-butanol  by-product  being  removed  by  distillation.  Adding  the 
inorganic  acid  to  the  slurry  induced  a  gentle  redispersion  (peptization)  of  it  into  a  fluid  translucent 
suspension  within  a  few  hours  at  reflux  temperature,  but  the  mixture  was  kept  in  these  operating  conditions 
for  an  additional  15  hours,  to  guarantee  the  peptization  as  completed.  Then,  the  resulting  aqueous 
suspension  was  concentrated  under  vacuum  by  rotative  evaporation.  This  mixture  was  subsequently  filtered 
through  a  1 .0-pm  Millipore  fiber-glass  membrane  prior  to  coating  use.  Yoldas^**  reports  that  the  suspension 
contains  irregular  and  rectangular  plates  averaging  ~  400  A  long  by  200  A  wide  and  50  A  or  less  in 
thickness.  He  also  reports  that  X-ray  diffraction  of  these  colloids  revealed  a  crystallinity  closely 
corresponding  to  gamma  aluminum  oxide  hydrate  as  bohemite  allotropic  variety  and  not  as  bayerite^^. 

A  typical  alumina  suspension  was  prepared  as  follows  :  Aluminum  sec-butoxide,  AUOC^Hg)^  was 
bought  (Alfa  supplier)  rather  than  lab-made  because  it  is  a  relatively  cheap  starting  material  and 
meticulously  distilled  twice  to  ensure  a  high  purity-grade.  The  purified  alkoxide  was  stored  in  a  carefully 
cleaned  and  dried  stoppered  inactinic  glass  flask  containing  a  molecular  sieve  dehydrating  bed.  Double- 
distilled  aluminum  sec-butoxide  (246  g  ;  1  mole)  was  rapidly  added  into  vigorously  magnetic  stirred 
deionized  water  (3  kg)  at  roughly  70°  C.  The  generated  sec-butanol  by-product  was  then  eliminated  by 
simple  distillation  (98°  C  at  760  mmHg).  Concentrated  hydrochloric  acid  (7.0  g  :  0.07  mole,  d  =  1.18)  in 
deionized  water  (100  g)  was  added  to  the  briskly  stirred  slurry,  and  reflux  was  kept  to  allow  peptization.  The 
agglomerated  hydrated  alumina  dispersed  slowly  and  an  opalescent  fluid  colloidal  suspension  was  obtained 
after  about  5-7  hours  refluxing.  Peptization  was  maintained  overnight  to  complete  it.  Acid  additions  are 
generally  specified  in  term  of  pH  for  peptization  operation.  However,  in  this  case  it  was  noticed  that  the 
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nature  of  the  digesting  acid  was  much  more  critical  than  the  pH  of  the  mixture.  By  subsequently  distillating 
off  water  under  reduced  pressure  using  a  rotoevaporator  device  we  concentrated  the  aqueous  bohemite 
alumina  sol  until  the  equivalent  of  5  %  Al^O^  by  weight  (1020  g).  Because  of  the  presence  of  an  excess  of 
acid  stabilizer  in  such  a  final  suspension  that  tends  to  prevent  multicoat  operation  by  washing  ofT  all  or  part 
of  the  first  coat,  we  have  been  faced  to  the  necessity  to  reduce  the  acidity  of  the  suspension  by  proceeding  to 
a  dialysis  or  an  ion-exchange  step.  We  selected  the  ion-exchange  alternative  to  deacidify  because  it  is  a 
much  more  convenient  and  rapid  mean  compared  to  the  membrane-dialysis  when  attempt  is  made  to  treat 
quite  voluminous  sol  quantities.  In  this  way,  we  utilized  an  anion-exchange  resin  as  Amberlite  lRA-93  SP 
that  corresponds  to  a  secondary  amine  free-base,  to  partially  neutralize  the  suspension  from  an  initial  pH 
value  of  3-4  to  about  6-5  with  no  decrease  in  colloidal  stability.  Before  use,  the  granular  resin  was 
abundantly  washed  with  a  solution  of  diluted  hydrogen  peroxide  in  deionized  water  until  the  washing  liquor 
came  out  limpid.  As  low  as  pH  5,  there  was  no  more  problem  with  wash  off  and  many  coatings  could  be 
applied  successively  at  room  temperature  with  only  a  few  minutes  drying  time  between  each  coat.  At  this 
stage  the  deacidified  alumina  sol  remained  very  fluid,  but  with  a  tendency  to  thicken  progressively  until 
complete  gelation  after  a  few  day  storage.  However,  by  carrying  out  a  simple  strenuously  agitation  the 
gelly-product  was  easily  refluidized  until  recovering  its  original  viscosity.  Finally,  this  partially  neutralized 
sol  was  then  concentrated  by  distillation  until  obtaining  a  translucent  paste  containing  the  equivalent  of  12 
%  ALOj  by  weight  (425  g).  Such  a  viscous  gel-like  alumina  network  was  readily  refluidized  when  the 
addition  of  suitable  aliphatic  alcohols  was  performed.  Methanol  was  the  preferred  diluting-solvent  because 
it  allows  the  preparation  of  sufficiently  stable  sols  over  roughly  one  week  storage.  The  use  of  ethanol, 
isopropanol  or  2-methoxy  ethanol  was  precluded  because  all  of  these  alcohols  induced  a  quick  gelation  of 
the  alumina-suspension  therefore  useless  for  coating-application.  The  aqueous  methanolic  coating  sol  was 
readily  filtered  through  a  l.O-pm  fiber-glass  membrane,  without  any  clogging  up  trouble  as  encountered 
with  the  use  of  teflon  filters. 


3.  COLLQIDALSILICASUSPENSION. 

A  typical  amorphous  silica  sol  was  prepared  by  the  base  catalyzed  hydrolysis  of  distilled 
tetraethylsilicate  in  pure  ethanol  by  the  method  previously  described’^’ In  basic  medium,  hydrolysis  of 
the  silicate  precursor  into  nucleated  spheres  is  preferred  over  condensation  to  soluble  organosiloxane 
polymers'^^.  The  material  was  prepared  at  3.0  %  silica  content,  and  consisted  of  monodispersed  roughly 
spherical  particles  with  a  diameter  of  about  20-nm.  Such  a  silica  sol  was  easily  filtered  through  a  0.2-pm 
teflon  membrane. 


4.  COATING  PROCEDURE. 

Before  use,  all  coating  suspensions  were  carefully  filtered  as  precised  above.  We  have  preferred  to 
spin-coat  rather  to  dip-coat  because  it  uses  much  less  material.  Coalings  were  deposited  on  20-cm  diameter 
and  2.5-cm  thick  fused  silica  or  BK-7  glass  or  even  plexiglass  substrates  using  a  spin-coater  in  a  0.2-|im 
filtered,  forced  air,  clean  hood.  All  coatings  were  prepared  at  an  optical  thickness  of  266-nm, 
corresponding  to  quarterwave  at  the  use  wavelength  of  1064-nm.  All  coating  suspensions  were  applied  at 
room  temperature  with  a  relative  humidity  in  the  range  50-60  %.  Before  coating-operation  all  substrates, 
except  plexiglass,  were  UV/O^/H^O^  cleaned  using  an  ozone-pholoreactor  (PR-100  ;  UVP.Inc),  achieving 
hydrophilic  surfaces. 


Alumina  coatings  were  applied  at  room  temperature,  from  an  aqueous  methanolic  suspension 
containing  4  %  A1,0^  and  prepared  by  diluting  the  12  %  Al^O^  stock  paste  with  twice  an  equal  weight  of 
methanol.  The  rectispersion  of  the  gelatinous  paste  was  carried  out  with  an  ultrasonic  treatment  giving  a 
fluid  opalescent  coating-sol.  One  coat  at  1000  rpm  was  necessary  to  give  coatings  of  the  required  thickness. 
After  about  5-min  air-drying  a  second  coating-operation  could  be  run  without  wash  off  nuisance.  This  step 
could  be  substancially  shortened  by  exposing  the  freshly  deposited  coat  to  a  mild  heat  treatment  (IR-lamp). 
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Silica  coatings  were  applied  from  the  3.0  %  Si02  stock  solution.  One  application  at  1000  rpm  gave  a 
coating  of  the  desired  thickness.  Such  a  coating  was  easily  water-wetted  in  contrast  to  n-propanol  diluted 
silica  sols  which  were  water-repellent.  In  the  preparation  of  multilayered  films,  both  silica  and  alumina 
coatings  were  normally  air-dried  for  5-min  prior  to  the  application  of  the  next  coat.  As  mentioned  above  a 
slight  heating  could  accelerate  the  coating-process.  Looking  at  the  reflected  color  of  the  coated  parts,  we 
could  appreciated  with  unaided  eyes  the  uniformity  of  the  films.  Except  a  weak  edge-effect  of  about  2-mm 
wide,  the  majority  of  our  coatings  had  no  discernible  color  variations. 


LASER  DAMAGE  MEASUREMENTS. 


Damage  threshold  measurements  were  carried  out  at  1064-nm  wavelength  either  at  Limeil  National 
Laboratory  on  the  to^-laser  system  delivering  single  shots  of  3-ns  pulse  duration  and  at  Lawrence  Livermore 
National  Laboratory  on  the  Reptile-laser  system  delivering  multishots  of  16-ns  pulse  duration  each  in  a  30 
Hz  repetition  rate.  In  both  cases,  spatio-temporally,  the  laser  beam  was  gaussian  with  a  spot  size  of  about 
2.0-mm  diameter  for  the  lo^-facility  and  0.6-mm  for  the  Reptile-facWhy .  The  respective  pulse  durations  and 
beam  diameters  were  the  widths  at  half  maximum  of,  respectively,  the  temporal  and  spatial  profiles.  The 
incidence  angle  was  roughly  10°.  Both,  we  conducted  "S-on-1"  (S  shots  of  known  fluence  onto  a  selected 
site)  damage  tests.  We  defined  as  representative  for  damage  measurements  cumulative-shot  values  as  S=5  at 
LNL  and  S=1000  at  LLNL.  Each  sample  site  was  inspected  under  a  microscope  and  video-memorized 
before  and  after  laser  irradiation  to  allow  a  simple  and  performant  photographic  comparison.  In  like 
manner,  we  could  attest  if  the  sample  damaged  yes  or  no.  Damage  was  defined  to  be  any  evolutive  5-10 
micron  size  range  alteration  observable  by  our  technique.  From  a  sequence  of  irradiations,  the  damage 
threshold  was  defined  as  the  average  of  the  highest  fluence  which  caused  no  damage  and  the  lowest  fluence 
which  did.  While  in  general,  we  do  not  wish  to  discount  the  significance  of  minute  damage  spots  at  low 
fluence  levels,  we  feel  that  it  is  important  and  logical  to  differentiate  the  notion  of  very  minor  and 
nonevolutive  damage  from  one  of  consistent  and  growing  damage.  Such  an  interpretation  of  damage 
threshold  seemed  to  us  more  adequate  to  judge  the  suitability  of  a  particular  coating  for  practical 
application. 


6.  DISCUSSION  OF  RESULTS. 


A.  Single  Layer  ALO j-H^O  coatings 

The  transmission  spectrum  of  a  typical  sample  of  a  BK-7  substrate,  both  uncoated  and  coated  on 
both  sides  with  hydrated  alumina,  is  shown  in  Fig. 2.  The  coating  is  antireflective,  meaning  it  has  a  lower 
index  than  the  substrate.  The  spectrum  is  typical  of  that  for  a  homogeneous,  quarterwave  AR  coating  with  a 
maximum  transmission  (i.e.  minimum  reflection)  of  about  95  %  at  about  1060  nm  and  a  minimum 
transmission  at  the  halfwave  point  ;  this  being  the  same  as  that  of  the  bare  substrate.  Standard  optics 
calculations  indicate  that  the  refractive  index  of  the  coating  is  therefore  1.44,  assuming  an  index  of  1.51  for 
the  substrate.  This  index  is  considerably  higher  than  the  index  reported  by  Yoldas  for  the  same  material 
deposited  from  water  suspension  ;  his  figure  being  1.32.  He  doesn’t,  however,  report  that  the  index 
increases  when  the  water  is  partially  replaced  by  lower  alcohols  but  gives  no  details.  We  found  that  when  we 
dip-coated  a  BK-7  sample  in  an  aqueous  methanol  suspension  of  hydrated  alumina,  our  index  was  1 .41 .  The 
highest  index  is,  of  course,  preferred  for  HR  coatings  and,  as  we  prefer  to  spin  rather  than  dip  anyway,  the 
causes  of  this  difference  were  not  investigated.  It  could  be  that  improved  packing  of  the  alumina  platelets  is 
obtained  when  they  are  subject  to  the  high  shear  forces  present  in  spin  coating  as  compared  to  the  much 
lower  shear  during  dip  coating. 

The  optical  properties  of  this  coating  were  unchanged  on  heating  to  100°  C,  and  there  was  no 
difference  when  an  ion  exchange  resin  neutralized  coating  suspension  was  used  rather  than  the  as-prepared 
material.  There  were  also  no  change  in  the  optical  spectrum  when  coatings  were  exposed  to  varying  relative 
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humidity.  If  alumina  was  deposited  first  onto  the  bare  substrate,  we  had  no  wetting  problems  with  our 
aqueous  methanolic  mixtures  because  as  mentioned  before  the  UV-ozone  treated  surfaces  remained  very 
hydrophilic  and  this  within  about  20-min.  So,  such  a  coating  procedure  allowed  us  to  avoid  the  use  of  a 
nonionic  surfactant  and  therefore  eliminated  a  risk  of  potential  carbonaceous  contamination  leading  to 
laser  damage. 


Wavelength,  nm 

Fig.  2  Transmission  of  Ai20.rH20  coating  on  BK-7  substrate. 


Laser  damage  threshold  measurements,  with  3-ns  pulses  at  LNL  and  16-ns  pulses  at  LLNL,  revealed 
values  ranging  respectively  from  a  low  of  10.2  J/cm^  to  a  high  of  14.6  J/cm^  and  from  25  to  45  J/cm^.  Such 
figures  corresponded  to  single-layer  bohemite  alumina  deposited  onto  UV-ozone  precleaned  Herasil-I 
fused  silica  200-mm  diameter  discs,  and  in  both  cases  for  a  total  of  10  samples.  We  think  the  wide  range  of 
damage  thresholds  is  probably  attributed  to  local  coating-contamination  inherent  to  the  process  itself  and 
consequently  favoring  laser-induced  damage.  Samples  with  low  thresholds  generally  showed  only  few 
microscopic  pits  with  diameter  of  10  /im,  in  the  beam  area.  Massive  damage  over  the  whole  laser  spot  did 
not  occur  until  fluences  in  the  range  15-16  J/cm^  at  LNL  and  45-50  J/cm^  at  LLNL  were  reached  and  the 
observed  damage  resulted  in  uniform  removal  of  coating-material.  After  fine  visual  analysis  under  Reicher- 
stereomicroscope,  we  noticed  that  in  almost  all  cases  damage  originated  at  visible  artifacts  present  in 
coating  or  at  substrate  -  interface.  So,  clean  areas  appeared  really  stronger  to  laser  irradiation  than  those 
busy.  In  contrast  to  the  previously  investigated  TiO^  material^*^'^’  that  failed  at  relatively  low  fluences  with 
severe  damage  when  exposed  to  a  high  repetition  rate,  the  Al^O^  component  has  proved  to  be  a  stoutly 
refractory  material  enduring  efficiently  quite  high  fluences  in  a  high  repetition  rate. 

When  laser-annealing  was  directed  onto  such  sol-gel  crystalline  alumina  single-layer  coatings,  we 
didn’t  observed,  as  for  previous  works  onto  zirconia^^,  a  significant  enhancement  of  the  laser-strength.  The 
laser-annealing  post-treatment  consisting  in  a  progressive  increase  of  the  laser  fluence  onto  the  exposed 
surface  sample  has  been  experimentally  confirmed  as  efTective  for  alumina  coatings  prepared  from 
aluminum  sec-butoxide  only  distilled  once.  In  this  latter  case,  we  measured  at  LNL  alumina  quarterwave 
thick  coating  with  a  damage  threshold  figure  averaging  9,2  J/cm^  and  that  moved  up  to  13.8  J/cm^  when 
laser-conditioned.  Regarding  such  alumina  sol-gel  coatings,  that  must  be  in  good  thermodynamic- 
equilibrium  as  confered  by  the  chemical  nature  of  the  sol-gel  process  itself,  we  actually  think  that  the 
observed  raising  in  laser-resistance,  by  a  factor  of  about  1.5,  might  be  likely  due  to  a  gentle  desorption  of 
volatile  absorbing  impurities  through  coating-porosity,  and  not  to  electronic  rearrangements  as  already 
advanced  by  Kozlowski  et  al  for  condensed  dielectric  materiais^^.  Therefore,  the  reason  that  double- 
distilled  aluminum  alkoxide  precursor  gave  alumina  coatings  with  laser  damage  threshold  was  surely  the 
result  of  a  high  purity-grade  of  synthezised  alumina. 
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B.  Multilayer  coatings. 


Multilayer  coatings  were  readily  prepared  at  room  temperature  by  applying  alternating  coats  of 
silica  and  alumina.  The  silica  coating  was  preferentially  applied  first  and  the  outside  coating-layer  was 
always  alumina.  Therefore,  most  of  our  prepared  samples  contained  a  simitar  number  of  layers,  in  contrast 
to  the  more  conventional  samples  using  dense  silica  as  the  low  index  component.  These  coatings  have  an 
odd  number  of  layers  because  the  high  index  component  is  applied  first.  Layers  were  applied  with 
approximately  5-min  drying  time  between  applications  and  with  the  substrate  remaining  in  the  spin  coater. 
Occasional  samples  would  contain  comets  as  a  result  of  coating  over  small  artifacts  on  the  surface  of  the 
previous  layer.  In  multilayer  applications  the  cleanliness  criterion  becomes  drastically  critical,  so, 
stringently  tidy  conditions  during  coating  deposition  must  be  required. 

The  transmission  spectrum  of  an  HR-coating  consisting  of  16  pairs  of  SiO^-Al^O^  quarterwave  thick 
layers  is  shown  in  Tig. 3.  It  has  99%  reflectivity  at  the  assigned  wavelength.  Of  particular  significance  was 
the  ease  of  preparing  this  32-total  layer  sample.  The  mirror  was  stress-free  and  devoid  of  peeling  or  crazing 
except  maybe  on  the  rim  where  a  slight  edge-effect  induced  a  dawning  flaking  phenomenon. 


Figure  3  :  Transmission  spectrum  of  SiO^-Al^O^  HR-coating  on  fused  silica  substrate. 

The  weak  reflection  peak  at  roughly  550-nm  wavelength  discloses  a  certain  thickness-inhomogeneity 
in  coating  stack.  Such  a  reflection  peak  could  be  suppressed  by  better  adjusting  the  quarterwave-thickness 
condition  the  low-  and  high-index  materials  must  fulfill  to  fit  the  theory.  Calculations  using  Fresnel  laws 
indicated  that,  with  refractive  indices  of  1.22  for  silica  and  1.44  for  hydrated  alumina,  about  34-36  layers 
would  be  required  to  achieve  reflectance  greater  than  99  %  on  BK-7  glass  substrate,  and  this  was 
experimentally  confirmed.  After  about  10- 1 5  successive  layers  were  deposited  onto  well-polished  substrates, 
coating  surface  aspect  evidenced  fine  radial-lines  testifying  likely  of  an  apparent  inhomogeneous  flow 
motion  of  coating  solution.  Subsequent  interferometric  measurements  with  a  Zygo-device  showed  that  the 
radial  lines  didn’t  have  any  prejudicial  impact  towards  the  reflected  wave  quality.  We  conducted  too  on 
several  sol-gel  coated  pieces  some  relative-roughness  measurements,  using  a  Reicher  apparatus,  and  that 
gave  quite  good  figures  in  the  range  15-20  A  RMS. 

Figure  4  illustrates  our  present  knowing-how  with  this  colloidal  sol-gel  route  and  for  instance  shows  a  300- 
mm  diameter  polished  plexiglass  substrate  coated  with  a  32  total  layer  silica-alumina  HR-coatings.  In  order 
to  minimize  or  even  hinder  the  flaking  effect  on  the  rim  of  thick  HR-films,  we  have  observed  that  using 
curved-edge  substrate  improved  consistently  the  situation.  Indeed,  in  this  case,  the  coating-solution  motion 
after  deposition  flows  until  the  edges  and  therefore  gives  a  much  more  homogeneous  and  flaking-free 
coating. 
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Figure  4  ;  A  300-mm  diameter  dielectric  sol-gel  mirror  realized  onto  a  polished  plexiglass  substrate. 


The  laser  damage  thresholds  in  difTerent  repetition  rate  and  pulse  conditions  are  sho^wn  in  Fig. 5. 
These  threshold  values  vary  at  LNL  (3-ns  pulse  ;  5  pulses  at  0.03-Hz)  from  a  low  of  10. 1  J/cm  to  a  high  of 
15.2  J/cm^  with  an  average  of  12.4  J/cm^  and  at  LLNL  (16-ns  pulse  ;  1000  pulses  at  30-Hz)  from  a  low  of  21 
J/cm^  to  a  high  of  50  J/cm^  with  on  average  of  35.5  J/cm^.  To  explain  the  dispersion  of  these  threshold 
figures,  we  think  the  artifact  problem,  discussed  earlier,  also  applied  here,  even  maybe  with  a  more 
pronounced  significance  because  of  the  large  number  of  layers  required  in  HR-stacks.  As  for  single  layer 
coatings  coming  from  double-distilled  precursor,  the  use  of  laser-annealing  has  been  ineffective  on 
multilayered  coatings  to  boost  more  the  laser-strength.  The  threshold  values  presented  here  are  higher  than 
those  of  conventional  electron-beam  evaporated  coatings  on  large  optics  (typically  in  the  ranp  5-8  J/cm 
under  3-ns  shot).  There  may,  therefore,  be  some  strong  advantage  to  the  use  of  solution-deposited  coatings 
on  large  optics  due  to  the  relative  ease  of  their  fabrication  and  also  if  the  damage  threshold  can  be  retained 
on  scale-up. 
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Fig.  5  :  Laser  damage  thresholds  in  different  conditions  of  SiO^-Al^O^  sol-gel  mirrors 
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The  nature  of  any  colloidal  coating  consists  of  layers  of  discreet  material  particles  stacked  on  a 
substrate  and  is  such  that  it  is  kept  intact  only  by  point  contact  forces  between  the  individual  particles  and 
the  abrasion  resistance  is  therefore  quite  low.  This  is  of  no  concern  in  our  current  applications  at  LNL  and 
LLNL  and  in  fact  is  an  advantage  as  it  allows  easy  removal  of  the  coating  without  damage  to  the  optical 
form  of  the  substrate  beneath,  and  furthermore  affords  a  beneficial  cost  saving  by  avoiding  the  tricky  and 
onerous  polishing  step.  If  cleaning  operation  of  the  coating  is  required,  no  physical  contact  procedure  can 
be  tolerated  and  consequently  only  the  use  of  a  suitable  solvent-spray  must  be  carried  out. 


7.  CONCLUSION. 

We  have  prepared  using  the  sol-gel  process,  porous  crystalline  bohemine  Al^Oj.HjO  coatings  on 
fused  silica,  borosilicate  glasses  and  even  plexiglass  substrates  from  aqueous  methanolic  colloidal 
suspensions.  These  coatings  were  easily  spin-applied  at  room  temperature  and  required  no  subsequent 
processing  after  solvent  evaporation.  This  single-layer  alumina  coating  had  a  refractive  index  of  about  1.44 
with  multishot  damage  thresholds  ranging  10.5-14.6  J/cm^  at  3-ns  pulse  duration  and  25-45  J/cm^  at  16-ns 
pulse  duration  at  the  assigned  wavelength  of  1064-nm. 

Multilayer  HR-coatings  were  also  elaborated  by  stacking  alternate  quarterwave  coatings  of  this 
hydrated  alumina  with  amorphous  silica  also  prepared  from  a  colloidal  suspension.  This  operation  was 
readily  run  at  room  temperature,  with  about  5-min  air  drying  time  between  each  coat.  About  32-total  layers 
were  needed  to  acheive  reflectivity  close  to  99  %.  Such  mirrors  exhibited  in  the  same  laser  conditions  than 
previously,  median  thresholds  of  respectively  12.5  J/cm^  at  3-ns  and  35.5  J/cm^  at  16-ns  pulse  length. 

In  the  future,  we  intend  to  significantly  improve  the  general  aspect  of  our  HR-coatings  (less 
artifacts,  better  homogeneity),  by  acquiring  a  novel  spin-coater  specially  conceived  for  our  needs  and 
following  from  the  technology  used  currently  in  microelectronic  to  coat  silicon  wafers.  Our  short-term  goal 
at  Limeil  National  Laboratory  is  actually  to  demonstrate  the  possible  realization  of  a  420-mm  diameter 
dielectric  sol-gel  mirror  useful  for  laser-system  projects  now  in  progress.  This  interest  is  shared  with  our 
partner  from  Lawrence  Livermore  National  Laboratory  alike  involved  in  similar  projects. 
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ABSTRACT 

Sol-gel  derived  silica,  silica-titania,  and  tantala  coatings  were  covered  with  a  thin  metal  film  and 
translated  across  a  Nd:YAG  laser  beam  (1.06  pm).  The  laser  energy  was  absorbed  by  the  metal  film,  which 
heated  the  underlying  sol-gel  coating.  This  heating  densified  the  sol-gel  coatings,  thereby  increasing  the 
index  of  refraction  of  the  laser  heated  region,  and  forming  channel  waveguide  structures  in  all  three  sys¬ 
tems.  The  channels  formed  by  this  technique  were  etched,  to  remove  the  undensified  regions,  which  resulted 
in  ridged  waveguide  structures.  The  structures  were  also  produced  by  depositing  a  metal  pattern  using 
photolithographic  techniques,  and  rastering  the  laser  across  the  entire  sample.  The  refractive  indicies  of 
laser  densified  and  furnace  densified  silica  coatings  were  similar.  Large  differences  were  observed  in  the 
indicies  of  laser  and  furnace  densified  coatings  for  the  silica-titania  and  tantala  systems. 


1.  INTRODUCTION 

One  of  the  basic  components  in  integrated  optical  circuits  is  the  channel  waveguide.  The  channel 
waveguide  provides  two-dimensional  confinement  of  th  *  optical  signal,  which  permits  the  routing  of  signals 
between  various  input,  output,  and  processing  components  on  a  chip.  While  most  often  used  as  a  passive 
component,  channel  waveguides  can  also  be  fabricated  in  electro-optic  and  semiconducting  materials  such  as 
LiNbO,  and  GaAs,  where  they  actively  participate  in  signal  processing.  Various  geometries  (e.g.,  ridged  and 
imbedded  channel  guides  and  strip-loaded  planar  guides)  can  be  used  to  synthesize  channel  waveguides  (For 
a  detailed  discussion  see  Reference  1).  However,  the  basis  for  all  of  these  geometries  is  the  formation  of  a 
channel  which  guides  light  when  it  is  surrounded  on  all  sides  by  lower  index  material 

The  modal  properties  of  the  channel  waveguide  are  determined  by  the  index  difference  between  the 
waveguide  and  its  surroundings,  and  by  the  waveguide  dimensions.  When  the  index  differences  are  small, 
on  the  order  of  *  to  2%,  the  single  mode  operation  requires  channel  dimensions  on  the  order  of  one  to  several 
operating  wavelengths.  For  imle:  differences  of  10  to  30%  these  dimensions  are  reduced  to  1/4  to  1/3  the 
operating  wavelength.  When  *'  j  channel  dimensions  exceed  these  minimum  values,  multi-mode  operation 
is  possible.  For  most  applications  minimum  operating  efficiencies  require  that  channel  waveguide  losses  he 
no  larger  than  about  1  dB/cm.  However,  losses  approaching  0.1  dB/cm  are  much  more  desirable. 

A  wide  range  of  techniques  have  been  used  to  synthesize  both  active  and  passive  channel  waveguides. 
These  include  radio  frequency  sputtering,’  chemical  vapor  deposition,’'^  liquid  phase  epitaxy,’  vapor  phase 
epitaxy,*’  and  organo-metallic  chemical  vapor  deposition.*  All  of  these  techniques  require  the  use  of  a  mask- 
and-etch  process  to  define  the  channels  and  extensive  high  vacuum  equipment  to  deposit  the  desired  film 
structure. 

While  high  vacuum  techniques  are  a  necessity  for  defining  channel  structures  in  active  materials 
such  as  GaAs,  no  such  inherent  constraints  exist  for  synthesizing  channel  structures  in  oxides.  For  this 
reason,  the  majority  of  channel  waveguide  synthesis  in  oxides  is  performed  using  diffusion  and  ion-exchange 
techniques.  In  the  diffusion  technique  high  temperatures  are  used  to  cause  the  diffusion  of  some  doping 
species  into  local  regions  of  a  planar  waveguide  that  has  been  previously  masked  and  coated  with  the 
dopant.  Channel  waveguides  synthesized  via  the  ion  exchange  process  closely  resemble  those  made  by  the 
diffusion  technique,  the  difference  being  that  the  chemical  exchange  process  occurs  in  a  bath  where  one  ionic 
species  is  substituted  in  the  substrate  for  another.  This  prf'cess  produces  the  composition  and  index  changes 
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required  to  form  the  channel. 

In  both  techniques,  the  resulting  change  in  chemistry  typically  causes  an  index  change  of  about  1%. 
These  small  index  changes  necessitate  the  formation  of  channel  dimensions  on  the  order  of  microns  by 
diffusional  processes.  In  many  cases  the  use  of  elevated  temperatures  or  exposure  to  the  ion  exchange 
solution  causes  stresses  which  lead  to  degradation  of  the  substrate  material  and  subsequently  high  losses  in 
the  waveguides.  Despite  these  complications,  diffusional  doping  using  Ti  is  the  most  popular  way  to  form 
channel  structures  in  LiNbO,,*  while  ion  exchange  is  extensively  utilized  to  form  passive  channel 
waveguides  in  oxide  glasses.'" 

Sol-gel  processing  provides  a  non-vacuum  technique  to  deposit  waveguiding  coatings."'"*  The  flexi¬ 
bility  of  the  sol-gel  process  also  provides  the  potential  for  creating  index  differences  which  are  far  greater 
than  those  created  using  the  diffusion  or  ion  exchange  techniques.  For  example,  the  index  of  a  SiO^-TiOj 
coating  can  be  varied  from  1.63  to  1.77  simply  by  heating.“  During  heating,  changes  occur  in  both  the  chem¬ 
istry  (organics  are  burned  out,  and  metal -oxygen-metal  bonds  are  formed)  and  the  density  of  sol-gel  coatings. 
If  these  changes  can  be  confined  to  a  small  strip  of  material,  channel  waveguides  could  easily  be  formed  in 
sol-gel  coatings.  Translating  a  laser  across  the  sample  should  be  a  convenient  way  to  do  this. 

Shaw  et  al'"  and  Ramaswamy  et  al'*used  a  COj  laser  (10.6  pm)  to  densify  channels  on  the  surface  of 
gel-derived  silica  monoliths.  In  both  cases,  the  COj  laser  was  absorbed  by  the  monolith.  An  increase  in 
hardness  of  the  laser-heated  area'"  indicated  that  densification  occurred  in  the  laser  irradiated  rogion. 
Krchnavek  et  al'"  partially  densified  organosilicate-deposited  silica  coatings  on  silicon  substrates  using  a 
NdiYAG  laser  (1.06  pm).  The  coating  in  this  case  was  transparent  to  the  laser.  Heating  came  from  the 
substrate,  which  absorbed  the  laser  energy. 

For  forming  channel  waveguides,  an  optimal  process  would  densify  the  sol-gel  coating,  while  leaving 
the  underlying  substrate  unaffected.  This  probably  precludes  the  use  of  a  COj  laser,  which  would  be  ab¬ 
sorbed  by  most  substrates  of  interest  in  integrated  optics.  A  Nd:YAG  laser,  on  the  other  hand,  would  not  be 
absorbed  by  most  substrates,  although  a  way  to  couple  the  energy  into  the  coating  would  have  to  be  devel¬ 
oped.  One  possibility  would  be  to  dope  the  coating  with  a  material  that  absorbs  at  1.06  pm.  This  would  be 


(b) 


Flgurel:  (a)  Schematic  drawing  of  heating  a  metal -coated  sol-gel  coating  using  a  Nd:  YAG  laser;  (b)  Channel  produced  after  metal 
film  is  washed  off;  and  (c)  Ridge  produced  after  etching  undensified  region. 
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Figure  2:  Computer  simulation  of  the  tempera¬ 
ture  (°C)  about  a  point  on  the  surface  of  a  metal- 
coated  sol -gel  coating  as  a  Nd;  YAG  laser 
traveling  at  10  mm/s  passes  the  spot  (distance  in 
m,  time  in  s).  The  large  decrease  in  temperature 
within  25  pm  of  the  laser  indicates  that  channels 
should  be  formed  by  the  laser.  (From  Reference 
16.) 


effective,  so  long  as  the  dopant  did  not  adversely  affect  the  desired  properties  of  the  coating.  Alternatively, 
the  “dopant”  could  be  applied  as  a  film  on  top  of  the  coating  (Figure  la).  A  computer  model  of  the  laser 
heating  of  sol-gel  coatings  suggested  that  high  temperatures  would  be  produced  by  scanning  a  Nd:YAG  laser 
across  a  sol-gel  coating  covered  with  a  thin  absorbing  layer  (Figure  2).’®  Further,  these  temperatures  should 
be  confined  -  both  laterally  and  vertically  -  so  that  channels  with  notably  higher  indices  than  the  surround¬ 
ing  material  would  be  produced.  After  heating,  the  metal  film  could  be  washed  off,  leaving  a  channel  with 
increased  index  (Figure  lb).  Finally,  if  desired,  the  undensified  regions  might  be  etched  away,  leaving 
ridged  channels  (Figure  Ic). 

An  advantage  of  using  radiation  of  a  wavelength  that  is  absorbed  by  an  overlayer,  but  not  by  the 
coating,  is  the  ability  to  preselect  the  areas  to  be  densified.  This  may  be  done  by  depositing  the  absorbing 
(metal)  film  in  a  pattern  using  lithographic  writing  techniques.  Here,  one  would  not  have  to  define  patterns 
with  the  laser,  but  could  instead  irradiate  the  entire  sample,  heating  only  the  areas  covered  by  the  metal 
film.  Further,  since  the  size  of  the  features  produced  using  a  photolithgraphical  mask  can  be  less  than  a 
micron,  the  channels  need  not  be  limited  by  the  size  of  the  laser  beam. 

In  this  paper  we  report  on  using  the  metal  film/Nd:YAG  method  to  produce  channel  waveguide  struc¬ 
tures  in  SiOj,  1:1  SiOj-TiOj,  and  Ta^O,  sol-gel  coatings.  First,  we  describe  the  coating  fabrication  and  char¬ 
acterization  techniques.  Next,  we  describe  direct  writing  of  channels  in  these  coatings,  forming  ridged 
structures  from  these  channels,  and  using  a  patterned  metal  film  to  defined  the  channel  patterns.  We 
conclude  with  a  brief  discussion  of  some  interesting  mechanistic  questions  concerning  laser  densification  of 
sol-gel  coatings. 


2.  EXPERIMENTAL  PROCEDURES 


2.1  Coating  Fabrication 

Silica,  1:1  mole  ratio  silica-titania,  and  tantala  coatings  were  investigated.  Silica  was  chosen  because 
it  has  been  shown  that  laser  heating  can  be  used  to  increase  the  index  of  sol-gel  derived  silica  coatings.'^ 
Silica-titania  was  chosen  because  previous  work  1  hown  that  this  system  can  be  used  to  make  planar 

waveguides  on  silica  glass. “  Tantala  was  chosen  ause  it  is  a  single  component  oxide  with  a  high  index 
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and  should  be  suitable  for  planar  waveguide  applications. 


The  silica  coatings  were  made  by  mixing  tetraethoxysilane  (TEOS)  in  a  1:4  volume  ratio  with  ethanol. 
Two  moles  of  water  per  mole  of  TEOS  were  added  to  the  TEOS/ethanol  solution,  resulting  in  a  solution  with 
5  weight  percent  solids.  Dilute  HCl  was  added  to  give  the  solution  a  final  pH  of  2.  The  solutions  were 
allowed  to  react  for  at  least  three  days  prior  to  coating. 

A  silica-titania  solution  containing  50  mole  percent  titania  and  50  mole  percent  silica  was  made  using 
a  procedure  similar  to  Dale  et  al.“  TEOS  (21.4  ml)  was  mixed  with  18  ml  of  isopropanol,  3.5  ml  of  water, 
and  enough  HCl  to  bring  the  solution  pH  to  2.  In  a  separate  container,  32.8  ml  of  titanium  butoxide  was 
mixed  with  19.5  ml  of  acetylacetone  (AcAc).  The  titanium  butoxide/AcAc  solution  was  allowed  to  react  for 
twenty  minutes,  after  which  the  solutions  were  mixed  together.  Then  6  ml  of  isopropanol  was  added  to  bring 
the  final  solution  to  20  weight  percent  solids.  This  mixture  was  allowed  to  react  for  four  days  before  being 
used  for  coating. 

The  tantala  films  were  made  using  a  process  similar  to  that  developed  by  Silverman  et  al.’*  However, 
the  solutions  were  made  less  sensitive  to  the  atmosphere  by  adding  a  complexing  agent  (AcAc)  to  slow  the 
hydrolysis  reactions.  Specifically,  5.7  ml  of  tantalum  ethoxide  was  added  to  20  ml  of  ethauc'  i;  a  dry  box. 
Then  3  ml  of  this  solution  was  mixed  with  0.3  ml  of  AcAc.  A  solution  which  contained  0.05  ml  oi  water  and 
8.6  ml  of  ethanol  was  then  added  dropwise  to  the  tantalum  ethoxide/ethanol/AcAc  solution  while  stirring. 

The  final  solution  contained  5  weight  percent  solids. 

Coatings  were  made  by  either  dip-  or  spin-coating  the  solutions  onto  fused  silica  substrates.  Prior  to 
laser  firing,  the  silica  coatings  were  prebeiked  at  100  °C  for  15  minutes,  the  silica-titania  films  were  pre¬ 
baked  at  200  ®C  for  15  minutes,  and  the  tantala  films  were  prebaked  at  230  °C  for  30  minutes. 

2.2  Laser  Heating 

Laser  heating  was  done  using  a  single  mode  Nd:YAG  laser  beam  (1.06  pm)  with  a  width  of  approxi¬ 
mately  75  pm  at  half  maximum  intensity.  The  laser  energy  was  absorbed  by  a  400  A  60Au/40Pd  sputtered 
film,  which  was  washed  off  after  laser  heating  using  aqua  regia  (3:1  HChHNO,). 

2.3  Etching 

To  form  ridged  waveguides,  silica  and  silica-titania  films  were  etched  using  a  buffered  HF 
(1HF:6NH3F)  solution.  Etch  rates  were  determined  for  the  different  coating  materials  by  coating  silicon 
substrates  and  firing  the  coatings  in  air  at  various  temperatures  between  100  and  1000  °C.  Steps  were 
formed  on  the  coatings  by  masking  half  of  the  coating  with  positive  photoresist  and  removing  the  unmasked 
coating  with  a  buffered  HF  solution.  Next,  the  photoresist  was  removed  with  ethanol,  exposing  a  sharp  step 
over  which  thickness  measurements  were  made  using  a  mechinacal  surface  profilometer.  Since  the  etch 
rates  of  the  various  coatings  were  found  to  vary  by  over  four  orders  of  magnitude,  the  HF  solution  was 
diluted  in  water  so  that  the  etch  rate  of  each  of  the  coatings  was  approximately  5-10  A/s.  The  coatings  were 
then  etched  for  15  second  intervals,  after  which  the  change  in  coating  thickness  was  measured.  Standard¬ 
ized  etch  rates  were  then  calculated  by  dividing  the  measured  etch  rates  by  the  dilution. 


3.  FABRICATION  OF  CHANNEL  PATTERNS 


3. 1  Direct  Writing  Approach 

In  the  direct  writing  approach,  an  absorbing  film  is  sputtered  onto  the  coating,  and  the  sample  is  then 
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translated  across  the  laser  to  make  a  densified  line  or 
area  (Figure  la).  After  washing  oft"  the  metal  film,  a 
densified  channel  is  observed  in  the  coating  (Figure  Ic). 
The  surface  profile  trace  which  resulted  from  scanning 
the  Nd.YAG  laser  (0.75  Watt,  8  mm/s)  across  a  2150  A 
silica-titania  coating  is  shown  in  Figure  3.  With  a 
single  pass  of  the  laser,  the  trough  formed  is  roughly 
gaussian,  with  dimensions  corresponding  roughly  to  the 
width  of  the  laser  beam. 

As  the  power  of  the  beam  was  increased,  the  film 
shrunk  further,  leading  to  a  corresponding  increase  in 
the  depth  of  the  trough.  The  shrinkage  of  the  coatings 
j  a  function  of  laser  power  for  a  constant  scan  speed  is 
shown  in  Figure  4.  In  this  figure,  the  percent  shrinkage 
is  defined  as  the  relative  change  between  coating  thick¬ 
ness  after  laser  firing  and  coating  thickness  after 
prebaking.  The  index  also  increased  with  laser 
power,  as  shown  in  Figure  5.  This  indicates  that  the 
coatings  are  densifying,  and  not  simply  being  ablated 
by  the  laser. 


Figure  3:  Surface  profile  of  a  channel  formed  by  laser  heating 
(0.75  W,  8  mmys)  a  2150  A  siliea-titania  sol-gel  coating. 


Figure  4:  Shrinkage  of  silica,  silica-titania,  and  tantala  coatings  vs.  Figure  5:  Index  of  silica,  silica-titania,  and  tantala  coatings 

laser  power.  vs  laser  power. 


3.2  Direct  Writing  and  Etching 

Densification  changes  not  only  the  index,  but  also  the  etch  rate  of  sol-gel  coatings.  As  shown  in 
Figure  6,  the  change  in  etch  rate  can  be  dramatic.  For  silica  coatings,  the  etch  rate  varies  by  over  two  orders 
of  magnitude  -  from  approximately  1000  A/s  tor  an  as-deposited  coating  to  less  than  10  A/s  for  a  fully  densi- 


SPIt  Vol  J  328  Sol  G>^l  Optics  119901  323 


fied  coating. 

For  the  silica-titania  coatings,  the  change  in 
etch  rate  is  even  more  pronounced.  When  heated  in 
a  furnace,  densiiication  takes  place  up  to  600  °C  in 
these  coatings.**  As  shown  in  Figure  6,  the  etch 
rate  changes  by  a  factor  of  almost  40  when  the 
coatings  are  fired  to  this  temperature.  Silica  titania 
coatings  fired  to  800  °C  are  crystalline.**  This 
crystallization  leads  to  a  decrease  in  the  etch  rate 
by  an  additional  factor  of  almost  1000. 


0  Silica-titania 


amorphous 

sillca-titanta 


crystaJirno 

sHica-titania 


The  large  difference  between  the  etch  rates  of 

densified  and  undensified  coatings  can  be  used  to  o  o*  ^ ^ ^ ^ — , — — i - r— - 

produce  ridged  waveguides  in  sol-gel  coatings.  After  o  200  400  eoo  soo  1000  1200 

forming  a  channel  tj-  laser  irradiation,  etching  the  P,,,  Temperature  ("C) 

coating  in  a  dilute  HF  solution  can  leave  the  densi-  a  r 

fied  regions  unperturbed,  while  the  undensified  por-  ttch  rates  tor  s.i.ca  and  sUica-utama  coatings  vs. 

tions  are  removed  (Figure  Ic).  For  example,  a  channel  temperatures, 

was  formed  in  a  2150  A  silica-titania  coating  by  laser 

irradiation.  After  removing  the  absorbing  coating,  the  trough  was  600  A  deep  and  150  pm  wide  (Figure  7a). 
This  sample  was  then  etched  in  a  buffered  HF  solution,  diluted  1:5  with  water,  for  20  s.  This  resulted  in 
ridges,  with  nearly  vertical  sides,  which  were  1500  A  tall  and  150  pm  wide  (Figure  7b).  (Since  the  sum  of  the 
trough  depth  and  the  ridge  height  is  equal  to  the  initial  coating  thickness,  this  experiment  also  verified  that 
the  laser  treatment  does  not  ablate  the  coating.) 


Before  etchino  After  etchina 
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Figure  7:  Profilometer  traces  of  (a)  trough  produced  in  silica-titania  coating  after  laser  densification,  and  (b)  corresponding  ridge 
produced  in  the  same  coating  after  HF  etching. 
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3.3  Masking 


To  test  the  ability  to  reproduce  lithographically  produced  patterns  by  laser  densification,  50  pm 
stripes  of  the  Au/Pd  alloy,  separated  by  100  pm  spaces,  were  deposited  onto  a  silica-titania  coating  using 
photolithographic  methods.  A  transmitted  light  micrograph  of  the  metal  pattern  is  shown  in  Figure  8a. 

This  sample  was  then  rastered  across  the  laser  beam  (perpendicular  to  the  direction  of  the  stripes)  at  5  mm/ 
s,  with  50  pm  spacings  between  passes.  After  removing  the  metal  coating,  a  surface  profile  perpendicular  to 
the  stripes  showed  that  50  pm  wide  troughs,  separated  by  approximately  100  pm  wide  hills  were  produced  in 
the  coating  (Figure  8b).  This  result  shows  that  lithographic  masking  can  be  used  to  predefine  areas  to  be 
densified  by  laser  heating. 

After  etching  the  sample  in  buffered  HF,  50  pm  ridges,  separated  by  100  pm  spaces  were  produced 
(Figures  8c  and  8d).  The  spots  where  the  laser  passed  over  the  sample  are  easily  seen  in  the  micrograph. 
These  spots,  which  resulted  from  the  coarseness  of  the  raster,  produced  a  roughness  of  approximately  400  A 
over  the  top  of  the  ridges.  Interestingly,  the  regions  between  the  ridges  are  better  defined  after  etching  than 
before.  Apparently,  the  large  difference  in  etch  rate  between  the  densified  and  undensified  regions  has 
cleaned  up  the  pattern,  and  produced  a  sharper  ridge  than  the  corresponding  channel. 


O 

O 


(a) 


(c) 


Figure  8:  (a)  Transmitted  light  micrograph  of  lithographically  patterned  AuPd  stripes  (dark  areas)  on  a  silica-titania  coaling  O'ght  areas), 
(b  -  next  page)  Profilomeiry  traces  of  troughs  produced  after  rastcring  h'ser  across  patterned  area,  (c)  Optical  micrograph  of  ridges  pro¬ 
duced  after  etching  the  ratered  area,  and  (d  -  next  page)  Profilometry  in cc  across  etched  ridges. 


SPie  Vol  1328  Sol  Gel  Optics  11990)  325 


Before  etching  After  Etching 


Figure  8:  Continued 


4.  MECHANISTIC  ISSUES 

It  is  well  established  that  the  structure  and  properties  of  sol-gel  coatings  depend  strongly  not  only  on 
the  coating  solution  chemistry,  but  also  on  the  subsequent  firing.  During  firing,  organics  are  burned  out, 
condensation  reactions  are  driven  to  completion,  and  densification  occours,  in  some  systems,  with  crystalli¬ 
zation.  In  conventional  furnace  firing  of  sol-gel  coatings,  the  competition  between  burn-out,  densification, 
and  crystallization  usually  requires  that  the  organics  be  eliminated  before  pores  are  closed  off,  and  that 
porosity  is  eliminated  before  crystallization  takes 


place  if  a  dense  ceramic  film  is  desired  as  the  end 
product.  Because  the  competition  between  these 
processes  can  be  affected  by  the  heating  rate,  firing 
history  can  have  a  noticeable  impact  on  the  proper¬ 
ties  of  sol-gel  coatings.” 

The  most  apparent  difference  between  laser 
firing  and  conventional  heating  of  sol-gel  coatings  is 
the  extremely  rapid  heating  rate  (  10  *  °C/s).”  We 
might  expect,  therefore,  that  organic  residue  would 
be  trapped  inside  of  laser  densified  coatings.  It  is 
also  possible  that  metal  atoms  from  the  absorbing 
layer  are  driven  into  the  coating,  volatile  constitu¬ 
ents  from  the  substrate  are  sublimed,  or  crystalliza¬ 
tion  is  suppressed  because  of  the  short  time  at 
elevated  temperature. 

The  shrinkage  of  a  TEOS  coating  as  a  function 
of  laser  power  and  as  a  function  of  furnace  firing 
temperature  is  shown  in  Figure  9.  Except  at  the 
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Figure  9:  Shrinkage  vs.  laser  power  and  firing  temperature 
for  a  TEOS  coating. 


326  SPIE  Vol  1 323  So/  Gel  Optics  1 1 990) 


highest  powers,  where  it  is  possible  that  the  coatings  are  ablated,  the  shrinkage  is  similar  for  both  furnace 
and  laser  heating.  The  indices  after  firing  are  also  quite  similar  -  1.456  fo’’  ^ings  densified  in  the  furnace 
and  1.466  for  laser  densified  coatings. 


In  the  silica-titania  and  tantala  systems,  however,  significant  differences  are  observed  between 
furnace  and  laser  firing.  For  a  given  shrinkage,  the  index  of  the  silica-titania  coatings  is  much  lower  for 
furnace  fired  coatings  than  for  laser  densified  coatings  (Figure  10).  The  same  trend  is  observed  in  the 
tantala  system  (Figure  11).  Presently,  the  source  of  these  differences  is  unknown.  It  is  interesting  that  the 
differences  between  furnace  and  laser  firing  are  less  pronounced  in  the  silica  system,  which  does  not  crystal¬ 
lize  upon  heating.  Whether  the  absence  of  crystallization  in  the  silica  system  is  the  source  of  these  differ¬ 
ences  is  not  known.  It  is  also  possible  that  the  larger  volume  of  organics  in  the  silica-titania  and  tantala 
systems  plays  a  role,  or  that  the  higher  firing  temperature  of  the  silica  system  makes  a  difference. 


Figure  10:  Index  vs.  %  shrinkage  for  laser  fired  and  furnace  Figure  11:  Index  vs.  %  shrinkage  for  laser  fired  and  furnace  fired 
fired  silica-litania  coatings.  tantala  coatings. 


5.  SUMMARY 

We  have  shown  that  channel  structures  suitable  for  channel  waveguides  can  be  fabricated  in  sol-gel 
derived  silica,  silica-titania,  and  tantala  coatings  using  a  laser  that  is  transparent  to  both  the  film  and 
substrate,  but  is  absorbed  by  a  thin  metal  film  on  top  of  the  sol-gel  coating.  The  large  difference  between  the 
etch  rates  of  densified  and  undensified  coatings  allows  ridged  structures  to  be  produced.  Channels  and 
ridges  can  also  be  formed  by  patterning  the  metal  layer  using  photolithographic  techniques,  and  rastering 
the  laser  across  the  entire  sample.  The  index  of  the  laser  densified  silica  coatings  is  similar  to  the  index  of 
furnace  densified  silica  coatings.  The  index  of  laser  densified  coatings  is  significantly  higher  than  that  of 
furnace  densified  coatings  in  the  silica-titania  and  tantala  systems. 
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ABSTRACT 


A  series  of  silica  gel  films  were  spin-coated  on  single  crystal  silicon 
(c-Si)  substrates  and  their  structure  was  characterized  by  vibrational  spec¬ 
troscopy.  The  films  were  either  dried  at  room  temperature  or  partially  densi- 
fied  at  450  C.  Fourier  transform  infrared  absorption  spectra  have  been  ob¬ 
tained  for  each  film  and  they  are  compared  to  the  spectrum  of  thermal  Si02 
films.  The  gel  films  (ca.  150  nm  thick)  show  the  presence  of  residual  OH 
groups,  but  very  little  molecular  water  or  organic  species  and  the  fundamental 
Si-O-Si  vibrations  exhibit  shifts  toward  lower  frequencies,  compared  to  the 
thermal  oxide.  The  Si-O-Si  antisymmetric  stretch  near  1070  cm  was  narrower 
for  the  gels  and  the  shoulder  on  the  high  frequency  side  was  stronger.  The  na¬ 
ture  of  this  feature  is  discussed  based  also  on  oblique  incidence  transmission 
and  reflection-absorption  spectra  taken  with  polarized  infrared  light. 

1.  INTRODUCTION 


The  structure  and  properties  of  amorphous  silica  films  on  c-Si  substrates 
are  highly  relevant  to  the  electronics  industry,  for  example  in  metal-oxide- 
-semiconductor  (MOS)  devices  which  include  thermal  Si02  layers  and  also  in  the 
integrated  optics  area.  Besides  thermal  oxidation,  silica  films  may  be  deposi¬ 
ted  by  sputtering,  e-beam  evaporation,  CVD,  thermal  decomposition  of  alkoxysi- 
lanes  or  by  the  sol-gel  method  using  spin-on  solutions. 


At  present  there  is  still  substantial  disagreement  concerning  the  structure 
of  ^hermal  silica  films  and  that  of  the  Si02/Si  interface.  Namely,  Hubner  et 
al.  used  IR  transmission  at  oblique  incidence  (55  off-normal)  to  show  that 
the  high  frequency  shoulder  at  ca.  1260  cm  was  the  longitudinal  optic  (LO) 
component  of  the  antisymmetric  stretch  of  bridging  oxygens  parallel  to  the 
Si-Si  direction,  whose  transverse^optic  (TO)  component  coincided  with  the 
transmission  minimum  at  1091  cm  in  agreement  with  the  assignments  of 
Gaieener  tor  bulk  V-S1O2  .  Kirk  ,  on  the  other  hand,  interpreted  the 
transmission  spectra  of  10-100  nm  thick  thermal  SiO^  films  at  oblique 
incidence  (60  of f-normal ) _in  terms  of  an  in-phase  antisymmetric  stretch  (  ASi) 
TO-^0  pair  at  1076-1256  cm  and  an  out-of-phase  (AS2)  TO-LO  pair  at  1200-1160 
cm  .  Therefore,  the  conventional  normal  incidence  transmission  spectra 
revealed  only  the  TO  peaks,  wit^  the  high  frequency  shoulder  corresponding  to 
AS„.  However,  Olsen  and  Shimura  used  multiple  internal  reflectance  at  60 
off-normal  incidence  with  linearly  polarized  light  and  they  were  able  to  de¬ 
tect,  in  3  nm  thick  thermal  Si02  films,  the  TO  and  LO  components  at  1080  cm 
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and  1240  cm  ,  using  parallel  polarized  (P)  light,  whereas  perpendicular  po¬ 
larized  (S)  light  detected  essentially  only  the  TO  mode.  These  authors  appar¬ 
ently  observed  also  the  TO  and  LO  components  the  antisymmetric  stretch  in 
in  10  nm  thick  CVD  silica  films,  near  1060  cm  and  1200  cm  ,  respectively, 
but  they  failed  to  detect  the  LO  component  for  uncured  6  nm  thick  spin-on  Si02 
films,  presumably  because  a  continuous  network  structure  had  not  developed  yet 
Apparently,  there  are  no  additional  studies  of  the  fundamental  IR  spectra  of 
silica  gel  films  in  the  literature. 

The  observation  of  LO  components  in  oblique  incidence  transmission  spectra 
is  based  on  Berreman's  rationale.  Berreman  argued  that  crystalline  films 
which  are  thin  compared  to  the  IR  wavelengths  will  have  TO  vibrations  (those 
for  which  the  atomic  motions  are  perpendicular  to  the  phonon  wave  vector)  pa¬ 
rallel  to  the  film  surface  and  LO  vibrations  (for  which  the  motions  are 
parallel  to  the  wave  vector)  perpendicular  to  the  surface.  (The  phonon  wave 
vector  is  perpendicular  to  the  surface).  In  conventional  IR  transmission 
spectroscopy,  because  electromagnetic  waves  are  transverse,  only  TO  modes  are 
excited,  but  the  p  polarized  component  of  radiation  incident  obliquely  to  the 
surface  will  have  electric  field  components  both  parallel  and  normal  to  the 
surface,  thus  interacting  with  both  TO  and  LO  modes,  respectively. 

2. EXPERIMENTAL 


The  spin-on  solutions  were  prepared  by  mixing  20  ml  of  tetraethoxysilane 
(TEOS,  Morthon  Thiokol,  99%),  40  ml  of  ethanol  (200  proof)  and  20  drops  of  IN 
HCl  solution  at  room  temperature,  adding  25  ml  of  distilled  water  and  heating 
up  to  ~70  C  with  continuous  stirring.  These  solutions  were  cooled  to  room 
temperature  and  finally  diluted  1:1  in  ethanol.  Thin  films  of  silica  gel  were 
spun  on  single  crystal  silicon  wafers  from  5  drops  of  solution,  with  a  Headway 
Research  photoresist  spinner  mod.  1-EClOlD  at  2500  rpm,  for  15  seconds.  The 
wafers  were  polished  on  one  side  and  they  were  chemically  cleaned  with  H2O2  , 
H2S0^  and  HE.  A  free  standing  silica  gel  foil  was  prepared  on  the  walls  of  a 
glass  test  tube.  The  films  were  either  dried  at  room  temgerature  in  a 
dessicator  or  they  were  heat-treated  in  air  for  3  hours  at  450  C,  in  a  tube 
furnace.  The  thickness  and  refractive  index  of  some  of  the  films  were  measured 
with  a  Rudolph  Research  Automatic  Ellipsometer  ( AutoEL-III ) ,  with  ^=632.8  nm. 

Fourier  transform  IR  transmission  spectra  were  recorded  at  normal  incidence 
with  an  IBM  IR/98  FTIR  spectrometer  or  with  a  Nicolet  5DXC  FTIR  instrument, 
both  equiped  with  a  Ge/KBr  beamsplitter  and  a  DTGS  detector,  using  natural 
light.  Reflection-absorption  spectra  were  collected  with  polarized  IR  light, 
at  55  off-normal,  with  a  Spectra-Tech  variable  angle  reflectance  accessory. 
Some  transmission  spectra  were  collected  at  45  off-normal  incidence  by  appro¬ 
ximately  positioning  the  sample  holder  at  this  angle.  All  spectra  were  taken 
at  room  temperature. 

3. RESULTS  AND  DISCUSSION 


Fig.  1  shows  the  transmission  spectrum  (at  normal  incidence)  of  a  silica 
gel  film  which  was  dried  at  room  temperature  only.  It  had  a  thickness  of  167 
nm  and  a  refractive  index  of  1.427,  compared  with  1.462  as  measured  for  the 
thermal  oxide  or  1.458  for  bulk  vitreous  silica.  Fig.  2  shows  the  correspond¬ 
ing  spectrum  for  the  thermal  oxide,  in  the  case  of  two  films  grown  on  opposite 
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Fig.  1.  FTIR  spectrum  of  silica  gel 
film  dried  at  room  temperature,  re¬ 
ferenced  to  a  bare  c-Si  wafer. 


FREQUENCY  (CM"'*) 

Fig.  2.  FTIR  spectrum  of  thermal  oxi¬ 
de  films  grown  on  c-Si.  (Peaks  marked 
with  *  are  due  to  incomplete  subtrac¬ 
tion  of  the  substrate  spectrum). 


sides  of  the  same  Si  wafer,  having  thicknesse^  of  110  nm  and  127  nm,  respecti¬ 
vely.  The  gel  film  ehxibits  a  peak  at  934  cm  ,  which  is  absent  in  the  ^hermal 
oxide  and  may  be  atributted  to  stretching  of  Si-OH  or  Si-0  groups  . ^  The 
shoulder  on  the  high  frequency  side  of  the  dominant  peak  at  1070-1079  cm  was 
much  more  pronounced  in  the  gel  sample  than  in  the  thermal  oxide. 


FREQUENCY  (CM”"*) 

Fig.  3.  FTIR  spectrum  of  free  stand¬ 
ing  silica  gel  foil  dried  at  room 
temperature . 


FREQUENCY  (CM”'') 


Fig.  4.  FTIR  spectrum  of  silica  gel 
film  dried  at  450  C,  referenced  to 
a  bare  c-Si  wafer. 
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In  order  to  further  illustrate  this  point,  fig.  3  shows  the  fundamental  IR 
spectrum  of  a  gel  foil  whose  thickness  was  estimated  a^  roughly  ~1  /-4r.,  where 
the  shoulder  was  even  stronger  and  the  peak  at  95^  cm  was  also  stronger  than 
the  corresponding  peak  of  the  gel  film  at  934  cm  .  The  gel  foil,  which  was 
dried  only  at  room  temperature,  was  considerably  thicker  than  the  film  and  it 
had  more  residual  water,  mostly  in  the  form  of  silanol  (Si-OH)  groups.  Very 
little  molecular  water  or  organic  species  were  found  in  the  gel  films. 

Fig.  4  shows  the  spectrum  of  a  silica  gel  film  which  was  dried  at  450  °C 
for  3  hours,  having  a  thickness  of  150  nm  and  a  refractive  index  of  1.438 
The  intensity  of  the  main  vibrational  features  of  this  partially  densified 
film  is  found  to  lie  between  those  corresponding  to  the  wet  f^lm  of  fig.  1  and 
the  thermal  oxide  of  fig.  2.  Namely,  the  band  at  936  cm  and  the  high 
frequency  shoulder  are  not  as  strong  as  in  the  wet  gel  film. 

Fig.  5  shows  a  comparison  of  the  IR  spectra  of  a  silica  gel  film  dried  at 
room  temperature  onl^,  but  for  a  longer  time  than  the  film  of  fig.  1,  for  nor¬ 
mal  incidence  and  45  oblique  incidence.  The  vibrational  features  at  normal 
incidence  are  intermediate  between  those  of  fig.  1  and  fig.  4,  as  one  might 
expect.  For  the  45  incidence  transmission  spectrum,  a  dramatic  change  was 
observed  in^the  high  frequency  shoulder,  which  grew  into  a  well  defined  peak 
at  1233  cm  .  The  same  behavior  is  perhaps  even  more  clearly  demonstrated  in 
the  spectra  of  the  thermal  oxide  of  silica  in  fig.  6.  Ag^in  the  shoulder 
transforms  into  a  peak  at  oblique  incidence,  now  at  1256  cm 

In  addition  to  the  peak  near  935  cm  characteristic  of  Si-OH  groups  pre¬ 
sent  in  the  gels  (or  perhaps  some  Si-0  as  well),  the  remaining  features  in 


Fig.  5.  FTIR  spectra  of  silica  gel  film  dried  at  room  tempera¬ 
ture:  (a)  transmission  at  normal  incidence;  (b)  transmission 
at  45  off-normal  incidence.  (Bands  marked  with  *  are  due  to 
the  c-Si  substrate). 
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Fig.  6.  FTIR  spectra  of  thermal  Si02  films:  (a)  transmission  at 
normal  incidence;  (b)  transmission  at  45  off-normal  incidence. 

(Bands  marked  with  *  are  due  to  the  c-Si  substrate). 
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the  silica  gel  spectra  may  be  assigned  as  in  bulk  v-Si02  .  The  low  frequency 
peak  near  450  cm  is  due  to  rocking  motions  of  the  oxygens  perpendicula^  to 
the  Si-O-Si  plane  plus  some  Si  cation  motion;  the  weak  peak  near  800  cm  is 
due  to  symmetric  stretching  of  the  oxygens  along  the  bisector  of  the  Si-O-S^ 
bridging  angle,  with  some  Si  motion  as  well;  the  strong  peak  near  1070  cm 
may  be  atributted  to  antisymmetric  stretching  of  the  oxygens  along  the  Si-Si 
direction,  accompanied  by  a  substantial  amount  of  Si  cation  motion.  In  this 
framework,  the  shoulder  on  .he  high  frequency  side  of  the  dominant  peak  in  the 
normal  incidence  spectrum  may  be  interpreted  as  an  incipient  LO  component  of 
the  antisymmetric  stretch  (the  dominant  peak  being  the  TO  component),  which 
appears  at  normal  incidence  because  there  may.^be  no  pure  LO  and  TO  modes  in 
glass,  due  to  th^  absence  of  long  range  order  .  The  possible  alternative  as¬ 
signment  of  Kirk  will  not  be  considered  here. 

The  major  differences  found^between  the  spectra  of  the  gel  and  the  therma] 
oxide  films  lie  in  the  935  cm  peak  and  the  high  frequency  shoulder.  The 
assignment  of  the  former  to  silanol  groups  is  in  agreement  with  the  presence 
of  a  significant  concentration  of  these  species  in  the  gels,  especially  those 
which  were  not  submitted  to  partial  densif ica^ion  at  higher  temperatures.  The 
high  frequency  shoulder  is  related  to  the  LO  component  of  the  antisymmetric 
stretch  of  the  oxygens,  which  becomes  fully  activated  at  oblique  incidenc^,  in 
agreement  w^th  Berreman's  rationale  and  with  the  resuts  of  Hubner  et  al.  (LO 
at  1260  cm  ,  foi  55  off-normal  incidence).  It  ^hould  be  noted  that  the  other 
minor  LO-TO  splittings  reported  by  Hubner  et  al.  are  hardly  noticeable  in  the 
spectra  of  figures  5  a^d  6.  In  the  present  work,  the  high  frequency  LO  peaks 

were  found  at  1233  cm  and  1256  cm  ,  for  the  room  temperature  dried  gel  film 

and  the  thermal  silica  film,  respectively.  Therefore,  the  LO  position  in  the 
thermal  oxide  at  45  off-normal  incidence  is  in  good  agreement  with  the 

thermal  oxide  results  of  Hubner  et  al.  at  55  ,  The  LO  frequency  of  the  gel 
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film,  on^the  other  hand,  is  in  very  good  agreement  with  the  LO  frequency  of 
1237  cm  determined  in  bulk  Si02  gel  by  Kramers-Kronig  analysis  of  near-nor¬ 
mal  reflectivity  . 

As  argued  by  Almeida  et  al.  ,  the  reason  why  the  frequency  of  the  LO  compo¬ 
nent  of  the  antisymmetric  stretch,  which  is  probably  closer  to  the  bare  mode, 
is  considerably  lower  than  that  of  the  corresponding  LO  mode  in  vitreous  sili¬ 
ca  may  be  due  to  the  Si-O-Si  bridging  sequences  being  strained  near  the  surfa¬ 
ce  of  the  gel  pores,  with  larger  bridging  angles  and  slightly  longer  Si-O 
bonds  than  v-Si02,  the  latter  effect  beinggpredominant .  In  terms  of  the  cen¬ 
tral  force  network  model  of  Sen  and  Thorpe  ,  this  will  in  fact  lead  to  a  lar¬ 
ger  vibrational  frequency  for  the  antisymmetric  stretching. 

The  fact  that  the  high  frequency  shoulder,  related  to  the  high  frequency  LO 
mode,  is  stronger  in  a  wet  gel  than  in  the  thermal  oxide  may  be  an  indication 
that  the  porous  gel  scatters  the  10  wavelength  IR  light  to  some  extent, 
sending  it  in  all  directions,  even  for  light  originally  at  normal  incidence. 
The  fraction  of  light  which  becomes  effectively  off-normal  inciuent  in  this 
way  will  further  activate  the  LO  mode  and  the  effect  will  increase  with  poro¬ 
sity,  as  observed. 

The  oblique  incidence  data  for  the  gel  film  and  the  thermal  oxide  show  that 
the  Berreman  argument  for  thin  crystal  films  clearly  applies  to  glassy  films 
as  well.  It  is  not  clear  at  this  point,  however,  why  the  LO  mode  in  the  ther¬ 
mal  oxide  is  apparently  stronger,  compared  to  the  TO  component,  than  in  the 
porous  gel  film.  Although  the  difference  is  not  too  large,  one  would  rather 
expect  the  opposite  to  happen,  from  the  previous  argument  concerning  the  nor¬ 
mal  incidence  transmission  data. 

Another  difference  which  is  noticed  between  the  gel  and  the  thermal  oxide 
film  spectra  concerns  the  wii^th  of  the  dominant  TO  peak,  which  was  highest  for 
the  thermal  oxide  (  ^~11  cm  )  and  smallest  for  the  room  temperature  dried 
gel  films  (  ~58  cm  ^),  with  intermediate  values  for  the  partially  densified 
gel  films  {  ~ 65  cm  ).  This  indicates  that  the  spread  in  the  intertetrahedral 
angles  is  largest  in  the  thermal  oxide  and  narrowest  in  the  room  temperature 
dried  gels,  in  agreement  with  the  suggestion  that  the  Si-O-Si  bridges  are 
strained  near  the  surface  of  the  gel  pores.  The  porosity  will  be  larger  in  the 
untreated  gels,  compared  to  partially  densified  films. 

Fig.  7  shows  IR  reflection-absorption  spectra  of  a  silica  gel  film  on  a  Si 
substrate,  dried  at  room  temperature  only,  referenced  to  a  bare  Si  wafer.  The 
behavior  for  an  incidence  angle  of  55  off-normal  was  quite  different  for  the 
two  polarizations  S  and  p.  For  the  former,  the  spectrum  had  the  appearance  of 
a  specular  refiectanc^  spectrum  (or  inverted  transmittance),  where  the  domi¬ 
nant  peak  a^  1075  cm  virtually  coincided  with  the  position  of  the  TO  mode 
at  1070  cm  (fig.  1)  and  the  shoulder  coincided  with  the  high  frequency 
shoulder  of  the  transmission  ^pectra  of  the  gels.  This  behavior  was  similar  to 
that  observed  by  Wong  and  Yen  for  30  nm  thick  thermal  silica  films.  For  p  po¬ 
larization,  on  the  ot^er  hand,  the  spectra  had  a  completely  different 
appearance.  At  1075  cm  ,  precisely  the  same  TO  frequency  as  the  peak  in  the 
S-poiarized  spectrum,  there  was  a  peak  with  a  specular  reflectance  appearance, 
similar  to  that  in  the  S-polarized  spectrum,  but  much  more  intense  (50  % 
reflectance  with  reference  to  the  bare  wafer,  compared  to  16  %  for  S-polari- 
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FREQUENCY  (CM“^) 

Fig.  7.  FTIR  reflection-absorption  spectra  at  55°  off-normal 
incidence  of  silica  gel  film  dried  at  room  temperature,  taken 
with:  (s)  -  perpendicular  polarized  radiation;  (p)  -  parallel 
polarized  radiation. 

zation)  and  without  ^  clear  shoulder  on  the  high  frequency  side.  In  addition 
to  this,  at  1232  cm  (precisely  the  LO  frequency  of  the  gel  film  of  fig.  5), 
there  was  an  inverted  peak,  i.e.,  transmission-like  or  IRRAS-like  and  very  in¬ 
tense,  corresponding  to  a  80  %  drop  ingtransmittance .  Again  this  was  similar 
to  the  behavior  observed  by  Wong  and  Yen  for  30^  nm  thick  thermal  silica 
films,  who  recorded  an  inverted  peak  at  1260  cm  with  p-polarized  radiation 
(approximately  the  LO  frequency  of  the  thermaj.  oxide  of  fig.  6  at  1256  cm  ), 
in  addition  to  a  reflectance  peak  at  1078  cm 

g 

Wong  and  Yen  cal^gd  their  spectra  IRRAS,  but,  according  to  the  commonly 
accepted  terminology  ,  the  acronym  IRRAS  ( IR  Reflection-Absorption  Spectros¬ 
copy)  refers  to  transmission-like  spectra,  whereas  inverted  transmittance 
should  preferably  be  called  reflectance.  In  fact,  out  of  the  three  peaks  of 
fig.  7,  only  the  1232  cm  transmission  minimum  is  IRRAS-like  and  this  was 
found  to  become  ^ef lectance-like  (pointing  upward)  for  incidence  angles  above 
~ 72  off-normal  (the  Brewster  angle  of  silicon  is  ca.  73.7  ).  For  such 
large  incidence  angles,  the  electric  vector  of  the  p-polarized  radiation  is 
almost  perpendicular  to  the  film  surface  and  the  reflectance  of  the  film  at 
the  LO  frequency  is  very  strong;  therefore,  the  penetration  depth  of  the  radi¬ 
ation  is  small  and  the  Si  wafer  is  not  reached  by  it,  leading  to  a  specular 
reflectance  spectrum  (even  at  the  Brewster  angle,  when  the  p  radiation  would 
not  be  reflected  off  the  wafer)  and  not  to  an  IRRAS  spectrum.  For  incidence 
angles  below  72  ,  the  interaction  of  the  p-polarized  radiation  with  the  film 
becomes  progressively  weaker,  leading  to  an  IRRAS-like  peak  at  the  LO  frequen¬ 
cy.  At  the  TO  frequency,  on  the  other  hand,  for  S-polarized  radiation,  there 
is  strong  reflection  interaction  at  any  incidence  angle  (only  with  this  mode); 
for  p-polarized  radiation,  as  the  incidence  angle  becomes  larger,  the  compo¬ 
nent  of  the  incident  electric  vector  perpendicular  to  the  film  becomes  also 
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larger  and  that  parallel  to  the  film  becomes  increasingly  smaller,  leading  to 
a  decrease  in  specular  reflectance  at  the  TO  frequency,  becomimg  an  IRRAS  peak 
at  very  large  incidence  angles  away  from  t^e  normal  .  Near  ^  q,  however,  the 
TO  peak  has  a  specular  reflectance  maximum  ,  due  to  the  fact  that  the  p-polar- 
ized  light  is  not  reflected  off  the  Si  wafer  surface  and  any  weak  reflectance 
peak  will  becon.e  very  strong  when  referenced  to  the  bare  Si  wafer. 

The  reflection  spectra  of  the  silica  films  taken  with  p-polarized  light  at 
oblique  incidence  (55  off -normal)  and  referenced  to  the  bare  Si  wafer  are  es¬ 
pecially  interesting.  In  fact,  there  is  a  tremendous  intensification  of  the 
signal,  with  an  amplitude  of  130  %  (in  transmittance  units)  for  the  case 
shown  in  fig.  7,  compared  to  35  %  only  for  a  similar  sample  in  normal  inciden¬ 
ce  transmission  (fig.  1).  Therefore,  this  reflection-absorption  technique  ap¬ 
pears  quite  attractive  for  quick,  non-destructive  analysis  of  thin  films  on  Si 
wafers  in  the  industrial  processing  of  semiconductor  devices  and  circuits. 
From  a  structural  viewpoint,  it  is  also  a  good  method  to  quickly  determine  the 
position  of  the  TO  and  LO  components  of  the  high  frequency  vibrations  of  glas¬ 
sy  films  such  as  silica. 


4.  CONCLUSIONS 


A  series  of  silica  gel  films,  spin-coated  on  c-Si  substrates,  was  analyzed 
by  FTIR  in  transmission,  at  both  normal  and  oblique  incidence  and  also  by  re- 
flection-absorption  at  55  off-normal.  Compared  to  a  dense  thermal  oxide,  the 
gel  films  had  a  peak  characteristic  of  Si-OH  groups,  whose  intensity  decreased 
with  heat  treatment  and  they  also  had  a  stronger  high  frequency  shoulder,  re¬ 
lated  to  the  LO  component  of  the  oxygen  antisymmetric  stretch.  This  was  shown 
to  become  a  fully  activated  peak  at  the  exact  LO  frequency  in  oblique  inciden¬ 
ce  transmission  spectra.  The  LO  frequency  in  the  gels  was  lower  than  in  the 
thermal  oxide,  in  agreement  with  strained  Si-O-Si  bridges  at  the  surface  of 
the  gel  pores.  The  reflection-absorption  spectra  showed  a  large  intensificati¬ 
on  of  the  signal  (IRRAS-like  for  the  LO  mode  and  reflection-like  for  the  TO 
component  of  the  high  frequency  response),  which  may  be  useful  for  industrial 
analysis  of  thin  films  on  silicon  wafers  and  also  for  structural  analysis  of 
the  films. 
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Abstract 

Spin-on  deposited  Si02-Ti02  thin  films  (pure  and  doped  with  dyes)  are  produced.  Their  optical  and  mechanical 
properties  are  determined  and  their  use  for  a  number  of  applications  is  investigated.  The  spin-on  deposited  Si02  film  has 
been  succesfully  doped  with  coumarin  as  a  colour  center  and  characterized  as  a  waveguide  overlay. 

Solution  deposited  thin  films  of  silicon  and  titanium  dioxide,  and  their  mixtures,  are  suitable  for  a  number  of 
applications  such  as  antireflection  coating  and  waveguides  for  integrated  optics.  Both  dipping  and  spinning  methods  can  be 
used  to  obtain  good  quality  films  [1]  [2],  For  the  dipping  process,  processing  standardization  ensures  good  reproducibility  of 
rrefractive  index  and  thickness  [1].  In  this  paper,  we  use  a  spin-on  and  baking  process  to  produce  pure  and  doped  Si02  and 
Ti02  films  and  we  study  some  of  their  optical  and  mechanical  properties.  The  solution  we  used  is  commercially  available 
E.Merck  liquicoat  solutions  [3].  They  are  metal  alkoxide  colloidal  solutions  containing  7%  and  9%  Si02  and  Ti02 
respectively.  By  varying  the  volume  ratio  of  the  two  component  solutions,  films  of  various  thickness  (80-250  nm)  and 
refractive  index  (L4-2.0)  can  be  obtained.  We  used  0.02  inch  thick  P-doped  [100]  silicon  ,  Coming  021 1  glass,  and  1  mm 
thick  Fisher  microscope  slides  as  three  substrate  materials.  We  use  standard  silicon  and  glass  cleaning  procedures  and  carried 
out  the  film  deposition  in  a  class  100  clean  room.  The  solution  were  mixed  immediately  before  coating  to  ensure 
reproducibility.  After  spin-on  coating  we  baked  the  substrate  in  an  air  atmosphere  for  10  min  at  105°C  +/-  5°C.  The  spin 
on  films  were  then  heated  in  a  dry  oxygen  atmosphere.  The  glass  substrates  were  heated  to  the  range  of  300-500  °C  while 
the  silicon  substrates  were  heated  to  the  range  of  300-8(X)  °C. 

The  reflection  minimum  method  is  used  to  determine,  at  the  same  time,  the  refractive  index  and  the  thickness  of  the 
film  on  silicon  substrates.  For  glass  substrates,  the  effective  reflective  index  method  is  used  to  obtain  these  results.  The 
normalized  reflectivity  of  the  film  on  silicon  is  measured  by  a  Leilz  spectrophotometer.  Fig.l  gives  the  relationship 
between  spinning  speed  and  thickness  for  500  baked  silicon  dioxide  and  titanium  dioxide  films  and  their  mixtures.  As 
the  volume  ratio  of  the  titanium  solution  increases,  the  resulting  films  show  cracking  and  crazing  after  a  baking  in  the  3(X)- 

500  °C  range.  To  obtain  crack-free  titanium  rich  films,  the  solution  must  be  diluted  with  solvent  two  three  times. 

To  study  the  relationship  of  refractive  index  to  the  processing  conditions,  we  made  a  series  of  samples  of  different 
thicknesses  and  measured  the  refractive  index  in  the  wavelength  range  of  400  to  8(X)  nm.  The  results  are  compared  with  the 
data  of  thermally  grown  silicon  dioxide  on  the  same  silicon  substrate.  Fig.2  is  the  refractive  index  of  Si02  obtained  at 
different  baking  temperatures.  Also  shown  in  this  firure  is  the  calculated  dispersion  curve  of  fused  silica  according  to  Ref.[4]: 
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We  note  that  the  experimental  curves  of  Fig.  2  can  all  be  obtained  from  the  theoretical  expression  by  a  simple  shift 

of  the  index  of  refraction  by  a  constant,  An,  which  for  the  three  experimental  curves  of  800  °C,  500  *^C  and  300  baked 
solution  deposited  silicon  dioxide  are  0.018,  0.028  and  0.045  respectively.  The  An  for  thermally  grown  native  oxide  is 
0.003.  We  conclude  that  the  higher  the  heating  temperature,  the  denser  and  more  like  the  thermal  oxide  the  spin  on  film 
becomes.  We  tested  the  reproducibility  of  the  film  thickness  and  of  the  index  of  refraction  by  building  up  a  thick  film  of 
Si02  by  making  three  successive  spinning  and  heating  operations.  Fig  3.  shows  a  comparison  of  the  measured  normalised 
reflectivity  and  one  calculated  by  assuming  the  constants  of  Fig.2  appropriate  for  a  film  three  times  as  thick.  Agreement  is 
excellent.  Mechanically,  if  at  any  of  the  heating  steps  in  a  multiple  deposition  are  incomplete,  cracking  occurs  due  to  partial 
dissolution  of  the  underlying  layer. 

It  is  noted  that  to  get  multi-layer  films  of  good  quality,  complete  cycling  for  each  layer  is  necessary.  Otherwise  the 
last  applied  layer  will  partially  dissolve  the  first  applied  layer  and  after  baking  the  result  thicker  film  will  show  crack.  If  each 
layer  is  completely  cycled,  we  find  the  first  layer  and  the  later  layer  have  same  thickness  and  processing  condition 
relationship.  These  layers  will  have  same  refractive  index  and  the  results  can  transfer  to  glass  or  other  semiconductor 
substrate. 

Spatially,  the  film  is  uniform.  For  a  two  inch  wafer,  the  uniformity  is  about  1.2%.  Fig.4  shows  a  film  thickness 

map  of  a  2  inch  wafer  spin  coated  with  Si02  and  baked  at  300  .  Both  pure  Ti02  3nd  mixed  Si02-Ti02  solution 

deposited  films  on  silicon  have  essentially  the  same  large  area  uniformity  as  the  pure  SiC)2  spin-on  film.  However  pure  and 
Ti02  rich  films  have  a  tendency  to  crack.  Generally,  for  Ti02  volume  ratios  greater  than  50%,  solvent  dilution  is  essential 
to  avoid  cracking. 

The  tensile  stress  of  the  solution  deposited  Si02  film  and  the  Ti02-Si02  film  on  silicon  wafer  are  quite  different. 
For  example,  at  300  and  for  a  thickness  of  166  nm  the  tensile  stress  of  pure  SiC)2  filnis  is  2*  lO^dynes/cm-;  but  for  the 
1:1  Si02-Ti02  films  it  is  as  great  as  13*10^dynes/cm2.  if  we  increase  the  healing  temperature  to  500  °C,  the  tensile  stress 
of  pure  Si02  film  increases  to  6*  lO^dynes/cm^,  while  for  1:1  Si02-Ti02  films  it  is  17*  lO^dynes/cm^.  The  Ti02 
concentration  influence  on  the  tensile  stress  is  stronger  than  that  of  the  processing  temperature.  This  is  in  agreement  with 
the  experiment  that  to  get  crack  free  films  we  must  use  low  Ti02  concentration  as  well  as  the  low  temperature  processing. 

For  integrated  optics  applications,  it  is  useful  to  incorporate  a  colour  center  into  a  thin  film  such  as  SiC)2-  We 
have  used  coumarin  504  as  a  colour  center  in  the  spin-on  Si02  film  and  have  studied  the  absorption  and  fluorescence 
spectra.  The  coumarin  doped  thin  films  arc  made  by  directly  dissolving  the  coumarin  in  Si02  liquicoal  solution  and  applied 
on  the  potassium  ion  exchanged  glass  waveguide  and  then  processed  as  the  ordinary  Si02  coaling.  The  coumarin  doped  thin 

film  is  transparent  and  show  the  characteristic  yellowish  color  and  the  color  begin  to  fade  at  200  to  300  °C  baking.  But  the 
film  always  keep  transparent.  Fig.5  is  the  waveguide  absorption  spectrum  of  a  coumarin  doped  SiC)2  film  covered  10  pm 

potassium  ion  extranged  glass  waveguide.  The  film  is  baked  at  150  °C.  The  coumarin  concentration  in  the  Liquicoal 
solution  is  0.02  mole  and  the  film  thickness  is  180  nm.  In  the  wavelength  range  of  370-490  nm  it  shows  absorption. 

We  use  a  He-Cd  laser  of  5  mW  output  and  a  40  X  objective  to  couple  the  laser  beam  into  the  waveguide  with  a 
coumarin  doped  solution  deposited  Si02  overlayer.  The  excited  photoluminescence  is  shown  in  Fig.6. 
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It  is  concluded  that  for  spin-on  SiC>2,  TiC)2  and  their  mixtures,  the  refractive  index  and  thickness  can  be  stricktly 
controled  by  selecting  suitable  processing  conditions.  The  films  obtained  are  uniform  and  suitable  for  applications  such  as 
antireflection  coatings  and  doped  waveguide  overlay.  Coumarin  504  is  a  useful  colour  center  for  the  spin-on  SiC)2  film 
showing  characteristic  fluorescence  in  the  wavelength  range  of  520-570  nm. 

This  work  is  funded  in  part  by  research  grants  from  NSERC,  FCAR  and  Ecole  Polytechnique. 
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Fig.l  Thickness-RPM  relation  of 
solutin  deposited  films. 
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Fig. 2  Refractive  index  of  solution 
deposited  silicon  dioxide. 
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Fig. 3  Normalized  reflectivity  of  solution 
depositt-  Si02  on  Si. 
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Fig.4  Flatness  of  solution  deposited 
silicon  dioxide  film. 
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Fig. 5  Absorption  spectrum  of  a  waveguide 
with  Coumarin  doped  Si02  overlay. 


Fig. 6  Fluorescence  spectrum  of  a  waveguide 
with  coumarin  doped  Si02  overlay. 
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ABSTRACT 

Amorphous  tungsten  oxide  layers  are  deposited  via  the  sol-gel  route.  Aqueous  solutions  of 
tungstate  salts  (Na2W04)  or  chloroalkoxides  (WOCl2(OPr‘)2)  provide  cheap  and  suitable 
precursors  for  the  synthesis  of  WO3,  nH20  colloidal  solutions.  Layers  of  large  area  can  be 
deposited  by  spray  or  dip-coating.  They  exhibit  electrochromic  properties  and  could  be  used  for 
m^ing  display  devices  or  smart  windows.  Their  electrochromic  properties  depend  on  the  structure 
of  the  oxide  network  and  the  amount  of  water  of  the  WO3,  nH20  layers.  Switching  time  and 
stability  decrease  when  n  increases  due  to  faster  ion  diffusion.  Optical  absorption  arising  from 
electron  delocalization  varies  with  the  crystalline  structure  of  the  oxide  network.  Both  the  structure 
and  the  hydration  state  of  the  layers  depend  on  the  experimental  procedure.  It  is  therefore  possible 
to  optimize  the  electrochromic  properties  of  sol-gel  derived  layers. 


1.  INTRODUCTION 

Electrochromic  properties  of  amorphous  tungsten  oxide  thin  films  have  been  extensively 
studied  during  the  last  decade^  Optical  absorption  arises  from  an  electron  hopping  process 
between  tungsten  ions  in  different  valence  states,  namely  and  W-+.  Coloration  and  bleaching 
can  be  reversibly  obtained  via  electrochemical  reactions  as  follows  : 

WO3  +  xA+  +  xe-  <— ->  AxW03  (A  =  H,  Li, 

Charge  compensation  leads  to  the  formation  of  tungsten  ions  in  a  reduced  valence  state  (W5+). 
Electron  and  ions  are  simultaneously  injected  into  the  oxide  layers  that  turns  from  white  to  blue 
upon  reduction.  Optical  switching  is  not  very  fast.  It  is  limited  by  ion  diffusion  rates  through  the 
oxide  network.  However  coloration  remains  stable  for  a  long  time  even  in  the  absence  of  any 
applied  voltage.  Electrochromic  materials  find  applications  as  display  devices^,  smart  windows^  or 
rear-view  mirrors^. 


Amorphous  tungsten  oxide  thin  films  are  usually  deposited  by  vacuum  evaporation^, 
sputtering^  or  anodic  oxydation^.  They  can  also  been  made  via  the  sol-gel  process  from  inorganic^ 
or  alkoxide^  JO  precursors.  In  both  cases  hydrolysis  and  condensation  of  these  precursors  leads  to 
the  formation  of  an  hydrated  tungsten  oxide  network  giving  rise  to  sols  or  gels.  Thin  films  of  large 
area  can  then  be  easily  deposited  under  ambient  conditions  by  such  techniques  as  dip-coating,  spin- 
coating,  spray  deposition  or  even  .screen-printing.  Cry.stalline  tungsten  hydrates  can  also  be 
obtained  at  room  temperature. 
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This  paper  describes  the  synthesis  of  tungsten  oxide  sols  and  their  deposition  as  thin  films 
onto  transparent  conducting  electrodes.  Their  electrochromic  properties  are  discussed.  They  mainly 
depend  on  the  structure  and  the  water  content  of  the  oxide  network. 

2.  SOL-GEL  SYNTHESIS  OF  WO3  THIN  FILMS 

Tungsten  oxide  sols  are  formed  upon  acidification  of  sodium  tungstate  aqueous  solutions. 
Protonation  of  such  solutions  (0.3  M)  can  be  conveniently  performed  through  a  proton  exchange 
resin  (Dowex  50WX2).  A  clear  transparent  colloidal  solution  is  first  obtained.  However  it  is  not 
stable.  Condensation  keeps  on  going  so  that  gelation  occurs  after  some  hours  followed  by  the 
precipitation  of  tungstic  hydrates  : 

(W04)2-  +  2H+  — ->  H2WO4  — >  WO3,  nH20  (n=l  or  2) 

Colloidal  species  can  be  stabilized  for  several  months  by  adding  organic  solvents  such  as  ethanol  or 
acetone.  These  solutions  can  be  easily  deposited  onto  a  transparent  conducting  electrode  by  spray 
and  dried  around  80°C.  Transparent  layers  about  0.5|im  thick  are  thus  obtained. 

Tungsten  alkoxides  have  already  been  used  for  the  sol-gel  synthesis  of  tungsten  oxide^-^O. 
However,  such  precursors  are  very  reactive  towards  hydrolysis.  They  are  not  commercially 
available  and  rather  difficult  to  handle.  Oxochloroalkoxides  appear  to  be  more  suitable  precursors. 
They  can  be  made  by  reacting  tungsten  chloride  or  oxochloride  with  alcohols^  6  g  of  anhydrous 
WOCI4  are  dissolved  into  lOOcm^  of  alcohol  under  a  dry  atmopshere.  A  violent  exothermic 
reaction  occurs  while  gazeous  HCl  evolves  leading  to  a  yellow  solution.  According  to  similar 
experiments  performed  on  M0CI4,  the  overall  reaction  can  be  described  as  follows '2  : 

WOCI4  +  X  ROH  — >  WOCl4.x(OR)x  +  X  HCl 

Chemical  analysis  and  spectroscopic  characterization  (infra-red,  N.M.R,  EXAFS)  show  that  under 
ambient  conditions  oligomeric  species  [WOCl2(OR)2]n  are  formed  (x=2  and  n  <4)  with  ROH  = 
iso-propanol.  Such  molecular  solutions  remain  stable  for  months  when  kept  in  a  dossed  vessel. 
Thin  films  about  0.1  p.m  thick  can  be  made  by  dip-coating.  Hydrolysis  and  condensation  are 
promoted  by  ambient  moisture  while  most  of  the  organic  solvent  rapidly  evaporates.  Chemical 
analysis  gives  a  chlorine  content  smaller  than  0.2%  in  weight. Thicker  films  can  be  obtained  with 
several  dip-coating  procedures. 

Tungsten  oxide  films  W03,nH20,  prepared  from  both  inorganic  and  mctal-organic 
precursors,  appear  to  be  amorphous  by  X-ray  diffraction.  Infra-red  spectroscopy  and  X-ray 
absorption  experiments  show  that  tungsten  is  surrounded  by  six  oxygen  atoms  with  a  short  W=0 
double  bond.  (W06)  octahedra  are  linked  via  corners  as  in  crystalline  WO3  or  edges  as  in 
polyanions  leading  to  an  amorphous  oxide  network.  The  water  content  is  clo.se  to  n  =  1.8  when  the 
xerogel  is  dried  under  ambient  conditions.  Most  of  the  water  can  be  removed  upon  heating  at 
120°C.  More  tightly  bonded  water  molecules  or  OH  groups  (n=0.3)  are  re'^oved  at  higher 
temperature  around  320°C.  Crystallization  then  occurs  at  4(X)°C  giving  rise  to  orthorhombic  WO3. 
Crystallization  of  the  amorphous  oxide  is  also  observed  at  room  temperature  when  the  film  is  left  in 
the  presence  of  a  humid  atmosphere.  The  film  remains  transparent  but  the  well  known  WO3,  2H2O 
crystalline  hydrate  is  obtained.  It  exhibits  a  layered  structure  with  water  molecules  intercalated 
between  tungsten  oxide  planes.  Dehydration  occurs  when  these  films  are  heated  at  120°C  giving 
rise  to  transparent  crystalline  WO3,  H2O.  Anisotropic  WO3,  nH20  layers  are  thus  obtained  as 
evidenced  by  X-ray  diffraction  and  infra-red  dichroism.  They  exhibit  interesting  intercalation 
properties'^. 
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The  sol-gel  process  then  appears  to  be  very  convenient  for  the  preparation  of  tungsten  oxide 
thin  film  having  different  structures  and  hydration  states. 

3.  ELECTROCHROMIC  PROPERTIES  OF  WO3,  nHiO  THIN  FILMS 

Electrochemical  properties  ot  WO3,  nH20  thin  films  were  studied  using  a  classical  three 
electrodes  potentiostatic  cell.  The  electrochromic  electrode  is  placed  into  a  LiC104/propylene 
carbonate  solution  (IM).  A  platinium  plate  is  used  as  a  counter  electrode  and  Ag/AgC104  (10'“  M) 
as  a  reference  electrode.  Optical  aosorption  at  633nm  and  electrochemical  measurements  are  ciuried 
out  simultaneously  according  to  an  experimental  procedure  already  described  in  a  previous  paper'^. 

3a.  Role  of  the  hydration  state. 

Cyclic  voltammograms  of  amorphous  W03,nH20  layers  are  shown  in  figure  1. 
Experiments  were  performed  at  scan  rates  of  lOOmV/s  in  the  range  -i-l  V  to  -1.5  V  (vs.  Ag/Ag+). 
Cathodic  potentials  lead  to  the  coloration  of  the  film  arising  from  the  electrochemical  insertion  of 
lithium  and  the  reduction  of  tungsten  ions.  The  reverse  process  is  observed  for  anodic  potentials 
leading  to  the  bleaching  of  the  layer.  Continuous  curves  are  observed  for  both  reduction  and 
oxidation  processes.  They  are  typical  of  amorphous  compounds  where  no  phase  transition  occurs. 
Figure  1  however  shows  that  the  electrochemical  behavior  of  WO3,  nH20  layers  upon  cycling 
depend  on  the  amount  of  water.  The  number  of  Li'*'  ions  injected  into  the  more  hydrated  sample 
(n=1.8)  decreases  as  the  number  of  cycles  increases  while  it  increases  in  the  other  sample  (n=0.5). 
The  reversibility  of  the  electrochemical  process  can  be  measured  as  the  ratio  R  of  Li'^  ions 
exchanged  during  the  reduction  and  oxidation  steps.  It  is  almost  complete  (R=l)  with  the  hydrated 
sample,  even  for  the  first  cycle,  while  it  is  rather  small  (R=0.5)  during  the  first  cycles  with  the  less 
hydrated  sample.  It  then  increases  as  more  cycling  experiments  are  performed.  These  variations  are 
related  to  a  modification  of  the  layers. 
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Figure  1:  Cyclic  voltammograms  of  amorphous  WO3,  nH20  thin  films 
Evolution  with  cycling.  Scan  rate  :  lOOmV/s 
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The  amount  of  Li"^  ions  inside  the  tungsten  oxide  layer  was  measured  by  Secondary  Ion 
Mass  Spectroscopy  (SIMS).  These  experiments  show  that  the  electrochemical  lithium  insertion  is 
not  completely  reversible  during  the  first  cycles,  when  the  amount  of  water  is  small  (n<1.5).  All 
Li+  ions  are  not  removed  from  the  layer  even  after  complete  bleaching.  About  0.05  Li  per  W 
remain  trapped  inside  the  oxide  network.  This  is  not  the  case  for  hydrated  samples  (n=1.5). 
However  spontaneous  lithium  insertion  occurs,  even  in  the  absence  of  any  applied  voltage,  when 
the  layer  is  dipped  into  the  LiC104/PC  electrolyte.  Such  exchange  properties  are  not  observed  when 
the  amount  of  water  decreases  (n<0.8). 


Cycling  experiments  show  a  modification  of  the  electrochromic  properties  of  the  layers  as 
the  number  of  coloring-bleaching  cycles  increases.  They  suggest  some  structural  evolution  of  the 
amorphous  oxide  network.  Figure  2  shows  that  the  charge  Q  reversibly  exchanged  during  each 
cycle  progressively  decreases  in  the  hydrated  layers.  This  could  be  related  to  the  poor  stability  of 
these  layers  towards  dissolution  or  to  a  shift  of  the  starting  cathodic  potential  towards  more 
negative  values.  A  reverse  phenomenon  is  observed  when  the  amount  of  water  is  small  (n<0.5). 
The  injected  charge  increases  during  the  first  hundred  cycles  and  the  lithium  insertion  process 
becomes  more  reversible.  This  could  be  related  lo  irreversibly  trapped  lithium  ions  increasing  ionic 
conductivity. 


Figure  2  :  Evolution  of  injected  charge  (Q)  versus  number  of  cycles 
cyclic  voltammetry;  scan  rate  :  100  mV/s 
^coloration  ^  -1500  mV  vs  Ag/Ag”^ 

Vblcaching  •  200  mV  vs  Ag/Ag"*" 
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Cyclic  voltammograms  of  amorphous  (n=0.8)  and  crystalline  (n=l)  WO3,  nH20  layers  are 
shown  in  figure  3.  They  are  recorded  at  scan  rates  of  lOmV/s  with  materials  having  already  been 
cycled  10^  times. 

The  variation  of  the  optical  density  of  the  layer  as  a  function  of  the  number  of  inserted  Li+ 
is  shown  in  figure  2  (x=Li/W).  An  optical  density  of  about  0.5  corresponds  to  the  insertion  of 
about  0.4  Li'*'  per  W.  A  quasi  linciU'  variation  is  observed  up  to  x=0.35.  The  slope  of  the  curve  then 
decreases  showing  that  the  coloration  yield  decreases. 

a)  amorphous  WO3,  O.8H2O 


/  (mA/Cfti  2) 


b)  crystalline  W03,1H20 


Figure  3  :  Cyclic  vollamogramms  (10  mV/s)  of  WO3  thin  films  after  HXX)  cycles 
and  corresponding  variations  of  the  optical  density  (OD)  versus  injected  charge  (x=LiAV) 
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The  cyclic  voltammogram  of  crystalline  WO3,  H2O  exhibits  several  bumps  and  one  sharp 
peak  during  the  reduction  process.  This  corresponds  to  the  insertion  of  Li'*"  ions  into  well  defined 
sites  followed  by  phase  transitions.  The  optical  density  variation  is  no  more  linear.  Coloration 
yields  are  first  very  small,  up  to  x=0.06.  Lithium  insertion  and  tungsten  reduction  do  not  lead  to 
strong  optical  absorption  at  633nm.  They  then  increase  faster  up  to  x=0.25,  leading  to  an  optical 
density  of  0.25.  The  process  is  fully  reversible. 

Optical  spectra  of  amorphous  and  crystalline  layers  are  reported  in  figure  4. 

Amorphous  WO3,  O.8H2O  exhibits  a  broad  absorption  band  between  500nm  and  ISOOnm  with  a 
maximun  around  900nm  (0.75eV).  It  increases  in  intensity  with  the  amount  of  Li+  into  the  layer. 
Such  a  spectrum  is  typical  of  an  intervalence  transition  in  a  mixed  valence  compound  arising  from 
the  optically  activated  hopping  of  localized  electrons  between  W5+  and  W6+  sites^^.  This  is 
confirmed  by  electron  spin  resonance.  ESR  spectra  of  amorphous  blue  layers  show  two  signals 
around  g=1.83  and  g=1.68  typical  of  paramagnetic  ions. 

Optical  spectra  of  crystalline  WO3,  H2O  blue  layers  exhibit  an  absorption  edge  with  a 
maximum  around  13(X)nm  (l.leV)  and  a  slow  decrease  in  the  infra-red  part  of  the  spectrum.  Such 
a  behavior  can  be  described  in  terms  of  band  theory^^  jt  could  be  assigned  to  delocalized 
electrons.  This  is  confirmed  by  ESR,  no  signal  beeing  observed  even  at  liquid  helium  temperature. 
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Figure  4  ;  visible  spectra  of  : 
a  :  amorphous  WO3,  O.8H2O 
b:  crystalline  W03,1H20 
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4.  CONCLUSION 


The  sol  gel  synthesis  of  amorphous  tungsten  oxides  offers  a  versatile  way  for  making 
electrochromic  devices.  Layers  of  large  area  can  be  deposited  by  spray  or  dip-coating  onto  glasses 
or  even  polymeric  substrates.  An  hydrated  amorphous  oxide  network  WO3,  nH20  is  obtained. 
However  both  the  structure  and  the  hydration  state  of  the  layers  can  be  modified  via  low 
temperature  treatments.  Electrochromic  properties  (optical  absorption,  switching  time,  memory) 
can  then  lx;  conveniently  tailored  depending  on  the  desired  tipplictition. 

The  response  time  depends  on  the  amount  of  water.  This  is  related  to  the  diffusion 
coefficient  of  Li^  ions  through  the  layer.  Impedance  spectroscopy  measurements  and  solid  state 
NMR14  show  that  Li+  diffusion  is  much  faster  in  the  hydrated  samples.  Optical  response  depends 
on  the  localization  of  electrons,  i.e.  on  the  structure  of  the  oxide  network.  A  metal-like  behavior  is 
observed  in  crystalline  layers  (tungsten  bronzes)  while  the  random  disorder  of  the  amorphous 
oxide  leads  to  a  localization  of  the  charge  carriers. 

Moreover  "all  gel"  electrochromic  devices'^  have  been  made  in  which  all  active  layers 
(transparent  conducting  electrode,  elctrochromic  coating,  electrolyte,  counter  electrode)  are 
deposited  from  gels  or  colloidal  solutions. 
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ABSTRACT 

The  production  of  thin  films  whose  refractive  index  is  measurand  specific,  for  use  in  an 
interferometric  fiber  optic  chemical  sensor,  is  discussed.  The  problem  of  making  such  coatings  has 
been  tackled  by  a  system  we  have  termed  the  "guest-host"  approach,  in  which  an  active  liquid 
whose  index  varies  with  measurand,  is  contained  within  a  porous  glass  host  of  fixed  index. 
Suitable  porous  silica-titania  glass  films  have  been  produced  via  the  sol-gel  process.  The  use  of  this 
system  enables  the  index  of  the  glass  to  be  varied,  so  that  the  composite  index  of  the  liquid  filled 
film  can  be  tailored  to  that  required  by  the  optical  system.  The  sol-gel  method  developed  is  based 
upon  the  hydrolysis  and  polymerisation  of  metal  alkoxides,  in  an  acidic  aqueous/alcoholic  solution. 
Thin  film  slab  waveguides  were  deposited  in  order  to  measure  the  light  scattering  losses,  which 
were  found  to  be  typically  ~ldB/cm.  The  porosity  of  films  was  studied  using  a  new  technique 
developed  in  which  water  adsorption  isotherms  are  plotted  using  ellipsometry.  The  pore  size  was 
found  to  be  very  small  of  pore  diameter  in  the  nanometer  range,  and  the  total  porosity  -10%.  Both 
of  these  factors  were  increased  by  the  removal  of  residual  organic  material,  using  hydrogen 
peroxide.  Finally  the  use  of  pH  indicator  dyes  as  a  liquid  fill  is  discussed,  to  produce  a  pH  sensor. 


1.  INTRODUCTION 


Various  chemical  sensors  have  been  proposed  based  upon  the  principle  of  a  thin  film  whose 
refractive  index  is  measurand  specific,  varying  the  optical  characteristics  of  some  device  via 
interaction  with  the  evanescent  field^’2.  Whilst  devices  have  been  demonstrated  to  work  in 
principle,  there  has  been  little  progress  on  the  production  of  suitable  films  whose  response  is  both 
reproducible  and  reversible.  One  particular  device  requiring  such  a  coating  is  a  Mach  Zehnder 
interferometer  constructed  from  a  single  twin  core  fiber  optic,  previously  developed  in  our  group^. 


The  monochromatic  light  transmission  of  this  fiber  varies  with  the  refractive  index  of  a  thin  film 
coated  onto  the  fiber,  which  acts  as  a  phase  modulator  in  one  arm  of  the  interferometer.  As  an 
example,  one  fiber  cycled  through  24  fringes  for  a  change  in  the  coating  index  from  1.512  to  1.522. 
In  the  case  of  white  light  transmission  in  the  fiber,  the  output  is  a  dispersion  in  wavelength,  which 
is  a  function  of  the  coating  index.  This  mode  of  operation  has  the  advantage  of  no  ambiguity  with 
respect  to  fringe  number.  Thus  it  can  be  seen  that  with  a  suitable  coating  a  sensor  could  be 
constructed. 

The  coating  material  should  have  the  following  characteristics: 


4 


a  reproducible  and  reversible  response  to  measurand, 
a  rapid  response  (-seconds), 

an  index  suitable  for  the  fiber  (about  1.52  in  the  above  case), 
a  reasonably  large  change  in  index  (typically  at  least  0.001), 
transmit  light  with  low  losses  (i.e.  <3dB/cm). 


0  3  3 
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Other  factors  which  may  be  of  importance,  depending  upon  the  particular  application,  are  long  term 
stability,  selectivity,  and  durability.  Of  particular  importance  is  the  required  change  of  index.  A 
reasonably  large  change  implies  that  the  electronic  configuration  of  the  material  must  be  changed  in 
some  way,  i.e.  chemical  reactions  must  occur  (reversibly)  between  the  material  and  the  measurand 
species.  Simple  thermodynamic  and  kinetic  considerations  indicate  that  inorganic  materials  are 
unlikely  to  be  suitable,  but  organic  solids  (i.e.  polymers)  may  be.  After  further  considerations 
however  a  more  promising  scheme  was  developed;  the  use  of  aqueous  solutions. 

Obviously  the  liquid  must  be  retained  on  the  fiber  in  some  way,  for  water  we  propose  the  use  of  a 
porous  matrix.  Thus  we  have  a  composite  material  where  the  liquid  is  an  active  component,  (i.e. 
changing  its  index  with  measurand),  contained  within  an  inert  matrix.  We  have  termed  this  the 
guest-host  approach;  the  liquid  being  the  guest  and  the  matrix  the  host.  This  approach  has  many 
advantages  over  the  use  of  a  single  phase  material,  the  principal  one  being  that  a  suitable  reaction 
between  measurand  and  materid  is  more  likely  to  occur  in  the  liquid  phase  than  the  solid  phase. 
Another  major  advantage  is  that  the  composite  index  of  the  film  can  be  tailored  to  that  required,  by 
variation  of  the  index  of  the  matrix  material,  irrespective  of  the  liquid  phase  index.  The  problem  of 
producing  a  suitable  material  is  thus  split  into  two  parts:  the  guest  and  the  host. 

The  host  material  must  satisfy  the  following  conditions: 

-  it  must  be  chemically  inert, 

-  be  porous, 

-  have  low  scattering  losses  (and  thus  the  pore  size  must  be  small), 

-  be  non-absorbing, 

-  be  producible  with  a  large  range  of  refractive  indices, 

-  have  the  capability  to  be  deposited  in  thin  film  form. 

One  way  to  satisfy  all  the  above  criteria,  is  the  production  of  silica-titania  glass  using  the  sol-gel 
process.  The  sol-gel  method  gives  intrinsically  porous  glasses,  is  ideal  for  the  production  of  thin 
films,  and  the  index  can,  in  this  case,  be  varied  from  that  of  silica  (-1.46)  to  that  of  titania  (~2.3). 


2.  PRODUCTION  OF  Sn  JCA-TITANTA  THIN  FILMS 


2.1  Sol  produgtiQn 

The  sol-gel  method  based  upon  the  hydrolysis  and  polycondensation  of  metal  alkoxides  was 
chosen,  since  this  method  gives  great  flexibility.  The  use  of  this  sol-gel  technique  for  the  production 
of  thin  oxide  films,  for  optical  applications,  is  well  documented^.  The  majority  of  these  applications 
are  concerned  with  situations  where  light  transmission  is  perpendicular  to  the  film  surface,  e.g. 
antireflective  coatings.  Films  are  also  usually  sintered  in  order  to  achieve  full  or  near  full  density. 
For  this  application  however  light  propagation  is  along  the  film  (which  is  part  of  a  waveguide)  and 
so  low  attenuation  is  important,  as  is  the  retention  of  porosity.  Since  it  was  not  obvious  from  the 
literature  what  was  the  optimum  sol  composition  for  this  application,  a  scheme  was  developed 
whereby  sols  of  differing  compositions  could  be  produced  for  the  deposition  of  films.  Subsequent 
examination  of  these  films  was  used  to  reveal  the  optimum  sol  chemistr}'. 

The  principle  process  variables  were:  water  to  alkoxide  ratio  (termed  the  'R'  value),  type  and 
concentration  of  catalyst  (i.e.  sol  pH),  the  ratio  of  silicon  to  titanium  alkoxides,  and  the 
concentration  of  the  sol.  It  was  necessary  to  make  sols  of  composition  ranging  from  pure  silica  to 
50  mol.%  silica/50  mol.%  titania,  (or  lOOS  to  50T50S  in  the  commonly  used  notation),  thus  giving 
products  with  a  range  of  refractive  indices  from  approximately  1.46  to  1.84.  Both  hydrochloric  acid 
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and  ammonium  hydroxide  were  used  to  give  acid  and  base  catalysed  conditions  for  comparison, 
with  R  values  of  2,  4,  and  10  (i.e.  below,  equal  to,  and  above  the  stoichiometric  ratio).  The  metal 
alkoxides  used  were  tetraethylorthosilicate  (TEOS),  and  titanium  isopropoxide  (TPOT  - 
tetrapropylorthotitanate),  in  an  ethyl  alcohol  solvent. 

After  much  experimentation  a  scheme  was  developed  which  allowed  for  the  deposition  of  films 
from  sols  ranging  from  lOOS  to  50T50S,  with  R  values  of  2,  4,  and  10.  Of  the  many  different 
methods  tried,  it  was  always  found  that  the  use  of  the  ammonium  hydroxide  catalyst  lead  to 
precipitation  in  solution.  The  method  developed  involves  the  partial  hydrolysis  of  the  TEOS  before 
the  addition  of  the  TPOT,  this  allows  for  the  difference  in  reaction  rates  of  the  two  alkoxides. 
Dilution  was  found  to  be  important  in  that  if  the  sol  was  too  concentrated,  it  would  rapidly  gel, 
hence  dilute  solutions  were  used  to  give  stable  sols. 

Practically  the  sols  were  produced  as  shown  in  figure  1.  The  TEOS  and  TPOT  were  obtained  as 
98%  pure  (Aldrich  chemical  company),  and  further  purified  by  double  distillation  (under  vacuum  in 
the  case  of  TPOT).  All  other  chemicals  were  obtained  as  high  purity  reagents  (BDH  Chemical 
Company).  The  TEOS  is  first  hydrolysed  with  a  quarter  the  stoichiometric  ratio  of  water/HCl,  by 
refluxing  the  solution  at  TO^C  for  2  hours. 


Fig.  1:  Sol  production  scheme 
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Thus  on  average  one  ligand  on  each  of  the  TEOS  molecules  will  be  hydrolysed; 


OEt.  OEt. 

I  I 

Et.O-Si-OEt.  +  H2O  ->  Et.O-Si-OH  +  Et.OH  {  1  ) 

I  I 

OEt.  OEt. 

The  TPOT  is  next  added  (in  the  required  ratio)  which  forms  a  double  alkoxide  by  reaction  with  the 
partially  hydrolysed  TEOS: 

OEt.  OPr.  OEt.  OPr. 

I  I  II 

Et.O-Si-OH  +  Pr.O-Ti-OPr.  ->  Et.O-Si-O-Ti-OPr.  Pr.OH  (  2  ) 

I  I  II 

OEt.  OPr.  OEt.  OPr. 

These  intermediates  cannot  polymerise  since  there  is  no  remaining  water  for  hydrolysis,  and  so  the 
sol  is  stable  for  these  conditions.  Upon  the  addition  of  further  water  and  HCl  (to  the  required  R 
value),  hydrolysis  and  polymerisation  takes  place  between  the  intermediates,  one  possible  route 
being: 

OEt.  OPr.  OEt.  OPr. 

II  II 

Et.O-Si-O-Ti-OPr. -(•  2H2O  ->  HO-Si-O-Ti-OH  +  Pr.OH -t- Et.OH  (3) 

II  II 

OEt.  OPr.  OEt.  OPr. 

OEt.  OPr.  OEt.  OPr.  OEt.  CPr. 

II  I  I  I  I 

2  HO-Si-O-Ti-OH  ->  HO-Si-O-Ti-O-Si-O-Ti-OH -k  H2O  (4) 

II  I  I  I  I 

OEt.  OPr.  OEt.  OPr.  OEt.  OPr. 

In  this  way  a  gel  network,  homogeneous  on  a  molecular  scale,  is  built  in  a  controlled  manner. 
Before  gellation  occurs  however,  (only  about  30  minutes  for  the  R=10  sols),  the  sol  is  coated  onto 
the  substrate. 


The  film  deposition  technique  used  was  spin  coating,  onto  polished  silicon  and  glass  substrates.  An 
excess  of  the  sol  was  filtered  through  a  0.2  micron  millipore  filter  onto  the  substrate  in  clean  room 
conditions.  The  substrate  was  then  rapidly  accelerated  to  the  spinning  speed,  held  for  30  seconds, 
and  decelerated.  The  films  were  then  left  to  gel/dry  for  24  hours  in  covered  petri  dishes,  followed 
by  baking  at  lOCPC  in  air  for  30  minutes.  Films  coated  onto  polished  silicon  wafers  were  used  for 
index  and  thickness  measurement  by  ellipsometry,  (Rudolph  Research  AutoEL),  and  those  onto 
cleaned  glass  slides  to  form  slab  waveguides.  A  total  of  18  different  sols  were  produced;  lOOS, 
10T90S,  20T80S,  30T70S,  40T60S,  50T40S,  each  at  R  values  of  2,  4,  and  10.  All  were  spun  onto 
the  substrates  at  various  thicknesses. 
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2.3  Selection  of  optimum  film 


Selection  of  the  optimum  film  is  essentially  the  selection  of  the  optimum  R  value  to  give  the  best 
film,  (over  the  range  lOOS  to  50T50S),  in  terms  of  maximum  porosity  and  minimum  light 
scattering.  Attenuation  of  light  due  to  factors  other  than  scattering  is  negligible  in  comparison. 

The  porosity  of  the  films  was  calculated  from  index  measurements  under  dry  and  water  saturated 
nitrogen,  i.e.  with  pores  empty  and  full  of  water  (see  later  for  more  detailed  explanation).  Assuming 
the  composite  index  of  a  film  to  be  additive  and  the  index  of  water  in  the  pores  to  be  1.333,  the 
porosity  could  be  calculated.  The  results  however  were  not  very  accurate  due  to  the  limited  accuracy 
of  the  ellipsometer.  For  films  of  R=2  and  4  the  porosity  was  approximately  10%,  and  for  R=10 
slightly  greater  at  about  15%. 

Films  coated  onto  glass  however  indicated  an  R  value  of  10  to  be  unsuitable,  as  the  films  with 
higher  titania  content  had  a  slight  haze.  Furthermore  microscopic  examination  of  these  films 
revealed  them  to  contain  particles,  as  opposed  to  those  with  R  values  of  2  and  4  which  appeared 
smooth  and  featureless.  Film  selection  was  thus  reduced  to  those  with  R=2  and  R=4,  and  since 
porosity  is  similar,  selection  is  dependent  only  upon  scattering  losses. 

The  scattering  losses  were  measured  from  a  He-Ne  laser  source  (633nm)  propergating  along  slab 
waveguides,  coupled  in  via  a  rutile  prism^.  Due  to  the  high  dilution  of  the  sols,  films  deposited 
tended  to  be  rather  thin,  typically  0. 1  microns.  This  is  too  thin  to  form  asymmetric  slab  waveguides 
with  the  glass  substrate  index  of  1.512,  and  air  the  other  side,  even  for  the  50T50S  films  (measured 
index  approximately  1.72).  Thicker  waveguides  were  thus  produced  by  spinning  five  successive 
layers  of  the  50T50S  sol  on  top  of  each  other,  allowing  each  layer  to  gel  before  the  deposition  of  the 
next,  giving  a  total  thickness  of  about  0.5  micron.  Microscopic  examination  of  these  films  revealed 
those  with  R  values  of  4  to  contain  fine  hairline  cracks,  as  those  with  R=2  were  featureless.  The 
scattered  light  intensity  as  a  function  of  distance  for  these  waveguides  is  shown  in  figure  2,  together 
with  the  calculated  losses.  Clerdy,  the  higher  losses  of  the  R=4  sample  are  due  to  the  cracks  in  the 
film. 
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Fig.  2:  Scattering  losses  for  multilayer  50T50S  slab  waveguides 

The  final  application  of  the  film  (i.e.  coated  onto  a  fiber)  requires  a  thickness  in  the  region  of  half  a 
micron,  and  hence  an  R  value  of  2  becomes  the  only  option  since  the  losses  of  the  cracked  film  are 
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too  great.  With  this  sub-stoichiometric  water  content  however,  the  sol  concentration  can  be 
increased  and  still  remain  stable  over  long  periods.  This  enables  a  film  of  the  required  thickness  to 
be  deposited  in  one  layer.  The  sol  production  scheme  was  thus  accordingly  modified. 

2.4  Final  film  production  .scheme 

The  finalised  sol  production  scheme  is  essentially  as  shown  in  figure  1,  except  that  the  overall 
concentration  is  greater.  This  was  achieved  by  mixing  the  TPOT  and  TEOS  with  ethanol  in  a 
volume  ratio  of  1:1,  all  other  factors  remaining  unchanged.  It  was  now  found  that  50T5()S  sols 
gelled  very  rapidly,  however  45T55S  sols  were  stable  and  this  was  considered  to  be  a  suitable 
maximum  for  the  titania  content. 

Another  problem  was  that  spinning  these  more  concentrated  sols  tended  to  give  films  with  a  slight 
mottled  appearance  to  the  surface,  particularly  at  higher  titania  concentrations.  It  was  found  that 
ageing  the  sols  in  a  closed  flask  for  24  hours  prior  to  spinning  greatly  improved  the  surface  quality. 
This  also  had  the  effect  of  slightly  increasing  the  film  thickness,  by  about  10%,  presumably  due  to 
an  increase  in  sol  viscosity  caused  by  polymerisation  in  solution. 

Finally,  in  an  attempt  to  increase  the  porosity  of  the  films,  samples  were  immersed  in  a  7  mole% 
solution  of  hydrogen  peroxide  at  lOO^C,  to  remove  residual  organic  matter. 


3.  ANALYSI.S  OF  THE  FILMS 


3.1  MicToscopic  examination 

Examination  by  both  optical  and  scanning  electron  microscopes  showed  the  films  to  be  featureless 
with  a  smooth  surface,  with  no  indication  of  particulate  matter  or  cracks.  Films  treated  with 
hydrogen  peroxide  on  the  other  hand  were  degraded,  with  discontinuous  cracks  and  defects 
appearing  in  the  film. 

3.2  Refractive  index  and  thickness  measurements 

The  film  thickness  variation  with  spin  speed  for  the  lOOS  film  is  shown  in  figure  3,  the  other  films 
being  comparable.  The  hydrogen  peroxide  treatment  of  samples  had  no  effect  on  thickness. 


Fig.  3:  Thickness  variation  with  spin  speed 
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Variation  in  thickness  and  indices  as  the  films  were  gradually  sintered  down,  in  air,  to  full  density 
are  shown  in  figures  4  and  5.  The  samples  were  heated  to  the  required  temperature,  held  for  30 
minutes,  cooled,  the  thickness  and  index  measured,  and  so  on. 


Fig.  4;  Variation  of  film  thickness  with  sintering  temperature 

For  most  of  the  films  the  reduction  in  thickness  is  about  30%,  for  the  lOOS  samples  however  it  is 
greater  at  40%.  This  reduction  in  thickness  is  due  to  the  removal  of  water  (100  to  250'C),,  the 
combustion  of  residual  organic  matter  (250-3(X)'C),  and  the  reduction  of  porosity  (over  300  C)^. 
The  increase  in  thickness  above  8(X)'C  is  due  to  the  thermal  growth  of  silica  on  the  silicon  wafer, 
this  also  indicates  that  the  film  porosity  is  still  continuous. 
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Fig.  5:  Index  variation  with  sint^  -ing  temperature 
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In  the  index  variation  of  samples  with  sintering  temperature,  (figure  5),  two  curves  are  shown  for 
each  film,  the  lower  one  for  pores  empty  of  water  and  the  upper  for  pores  full.  The  general  trend  is 
a  decrease  in  porosity  and  an  increase  in  index  with  temperature,  although  again  the  1(X)S  samples 
behave  slightly  differently.  Surprisingly,  the  films  with  higher  titania  content  sinter  at  lower 
temperatures.  One  possible  explanation  is  that  these  films  have  a  smaller  pore  size. 

Figure  6  shows  the  above  data  plotted  to  show  the  index  variation  with  silica-titania  ratio.  Also 
shown  is  the  theoretical  fully  dense  index,  assuming  silica  and  titania  indices  to  be  1.456  and  2.3 
respectively.  This  is  not  reached  in  practice,  probably  due  to  residual  porosity  and  OH  groups,  as 
well  as  the  effect  of  the  thermally  grown  silica  affecting  index  measurement. 
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Fig.  6:  Index  variation  with  sol  composition 

The  effect  of  the  hydrogen  peroxide  treatment  of  the  films  is  to  dramatically  reduce  the  index,  to 
such  an  extent  that  with  the  pores  empty  of  water  the  ellipsometer  will  not  measure  the  resultant  low 
indices.  With  the  pores  full  of  water  the  indices  of  all  samples  are  surprisingly  similar:  1.401  +/- 
0.005.  A  10  minute  treatment  was  found  to  be  sufficient,  after  which  no  further  change  in  index 
was  observed.  This  reduction  in  index  is  due  to  two  factors,  removal  of  the  high  index  organic 
material  and  the  associated  increase  in  porosity. 

3.3  Pore  morphology 

To  study  the  pore  morphology  of  the  films  in  terms  of  pore  size  and  pore  size  distribution,  as  well 
as  total  porosity,  a  technique  was  developed  to  plot  water  vapour  adsorption  isotherms  due  to 
capillary  condensation  in  the  films.  An  environmental  chamber  was  fitted  to  the  ellipsometer  sample 
stage,  and  nitrogen  whose  relative  humidity  could  be  varied  from  0  to  100%,  (by  means  of  a 
bubbler/flowmeter/humidity  meter  arrangement),  was  flowed  into  this  chamber.  T^e  relationship 
could  thus  be  obtained  between  refractive  index  and  humidity,  which  is  effectively  an  i.sotherm  of 
mass  of  water  adsorbed  with  partial  pressure  of  water  vapour.  Figure  7  shows  the  isotherm  for  the 
30T7()S  film. 

No  hysteresis  was  observed  as  might  be  expected,  this  was  probably  due  to  limitations  in  accuracy. 
Isotherms  were  also  obtained  for  the  other  films,  which  were  very  similar  to  the  above. 
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Fig.  7:  Water  adsorption  isotherm  for  30T70S  film 
From  these  isotherms  the  pore  size  distribution  can  be  calculated  using  the  Kelvin  equation^: 


-2YVm 

RT  In  (p/po) 


(5) 


where;  r  =  pore  radius 

Y  =  surface  tension  of  water 
Vfji  =  molar  volume  of  water 
R  =  gas  constant 
T  =  absolute  temperature 
p/Po  =  partial  pressure  of  water  vapour 


Pore  size  distributions  calculated  using  the  above  equation,  are  shown  in  figure  8.  As  can  be  seen 
the  pore  size  of  the  untreated  sari.ples  is  very  small,  lOOS  film  having  a  slightly  larger  pore  size 
than  the  others.  The  10T90S  was  only  treated  with  hydrogen  peroxide  for  5  minutes,  so  as  not  to 
decrease  the  index  to  such  an  extent  that  measurements  could  not  be  made  at  low  humidity.  For  this 
film  not  only  is  the  total  porosity  increa.sed  to  about  30%,  but  also  the  mean  pore  size  and  the  width 
of  the  distribution.  Presumably  the  full  10  minutes  treatment  would  further  increase  porosity  and 
pore  size. 


These  results  are  however  only  approximate,  since  factors  such  as  surface  tension  fail  to  be  valid 
for  such  small  pore  sizes.  Also,  this  technique  only  takes  into  account  the  free  water,  there  may  be 
water  molecules  adsorbed  onto  the  pore  surface  which  does  not  de.sorb  at  zero  humidity.  The 
thickness  of  this  layer  should  be  added  to  the  above  values  for  pore  radius.  The  size  of  a  water 
molecule  is  -1.3  A  (somewhat  dependent  upon  orientation),  and  so  it  seems  likely  that  the  total  pore 
diameter  is  in  the  region  of  a  nanometer. 
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Fig.  8:  Pore  size  distributions 


^■4  Scattering  losses 


The  waveguiding  scattering  losses  for  these  single  layer  slab  waveguides  were  measured  as 
previous.  The  experimental  results  are  shown  in  figure  9,  together  with  the  calculated  losses  in 
dB/cm.  Unfortunately,  slab  waveguides  could  not  be  made  from  the  hydrogen  peroxide  treated 
films  due  to  their  low  indices.  It  was  thus  not  possible  to  judge  the  extent  to  which  the  surface 
damage  would  cause  scattering. 
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Fig.  9;  Scattering  losses  for  single  layer  waveguides 
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The  scattering  losses  decrease  with  increasing  film  thickness,  which  tends  to  indicate  that  scattering 
is  associated  with  imperfections  in  the  surface  region.  To  test  this  hypothesis,  oil  of  the  same  index 
as  the  substrate  (1.512)  was  coated  onto  the  surface.  The  result  was  a  dramatic  decrease  in  scattered 
intensity,  typically  less  than  25%  of  the  original  loss.  Unfortunately  reliable  curves  of  intensity 
variation  with  distance  could  not  be  obtained  due  to  the  low  intensity  of  scattered  light,  and 
contamination  of  the  oil  with  dust  causing  excess  scattering  at  singularities.  However  it  seems  likely 
that  in  the  final  application,  i.e.  only  the  evanescent  field  penetrating  the  film,  lo.sses  will  be  very 
low. 

3.5  Conclusions 

Whilst  some  of  the  data  is  not  of  high  accuracy,  the  following  conclusions  can  be  drawn: 

(i)  The  films  are  porous  with  a  porosity  in  the  region  of  10%.  The  pore  size  is  in  the 
region  of  a  nanometer  in  diameter.  Botn  of  these  factors  can  be  increased  by  removing 
the  organic  content  with  hydrogen  peroxide. 

(ii)  The  films  are  transparent,  and  when  applied  as  a  cladding  material  to  an  optical  fiber 
the  losses  are  likely  to  be  <1  dB/cm. 

(iii)  The  films  can  be  produced  with  a  range  of  indices,  and  at  the  required  thickness. 


4.  CQN.STRUCTION  OF  A  .SF.NSOR 


The  next  step  in  producing  a  practical  device  is  to  fill  the  pores  with  a  suitable  liquid.  For  a  gas 
sensor  operating  in  ambient  conditions  (i.e.  R.H..>i'ew  %)  with  an  aqueous  based  Fquid  fill,  no 
membrane  is  required  for  the  retention  of  an  aqueous  solution  in  the  pores,  as  it  is  maintained  by 
atmospheric  moisture  (see  figure  7).  This  obviously  greatly  simplifies  the  construction  of  a  practical 
sensor.  For  non-aqueous  based  solutions,  or  for  sensors  to  be  used  in  liquid  environments,  some 
kind  of  semi -permeable  membrane  is  required  for  the  retention  of  the  liquid. 

One  possibility  for  the  construction  of  a  sensor  is  the  use  of  pH  indicating  dyes  in  aqueous 
solutions.  The  molecular  structure  is  typically  based  upon  two  or  three  benzene  rings,  which  are 
about  2.8A  in  diameter,  and  so  the  dye  molecules  should  fit  into  the  pores  of  the  glass  host.  The 
change  in  optical  absorption  (i.e.  colour)  of  such  dyes  has  an  associated  change  in  refractive  index, 
for  example  changes  of  the  order  of  0.01  have  been  renoiici  using  phene!  red  at  633nm^. 


Such  a  dye  could  be  used  for  the  detection  of  ammonia  vapour  in  air,  based  upon  the  change  in  pH 
of  solution  with  the  concentration  of  ammonia^.  A  more  useful  device  would  be  a  sensor  for  the 
detection  of  solution  pH.  Such  a  device  would  however  require  a  membrane  to  retain  the  (large)  dye 
molecules,  but  allow  through  the  (much  smaller)  H"^  ions.  Polymers  should  be  capable  of 
performing  this  function,  e.g.  cellulose  acetate. 


The  construction  of  a  sensor  for  the  measurement  of  blood  pH,  in  vivo  ,  over  the  physiological 
range  of  pH  7.0  to  7.5  is  currently  under  investigation,  based  upon  phenol  red. 
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ABSTRACT 

Vanadium  dioxide  thin  films  have  been  grown  from  vanadium  tetrakis 
(t-butoxide)  by  the  sol-gel  process.  A  new  method  for  the  synthesis  of 
the  vanadium  precursor  was  also  developed.  Films  were  deposited  by 
dipcoating  glass  slides  from  an  isopropanol  solution,  followed  by  post¬ 
deposition  annealing  of  the  films  at  600°C  under  nitrogen.  The 
properties  of  these  films,  to  a  high  degree,  were  a  function  of 
crystalline  boundaries  and  crystalline  grain  size.  These  gel-derived 
VO2  films  undergo  a  reversible  semiconductor-to-mietal  phase  transition 
near  72°C,  exhibiting  characteristic  resistive  and  spectral  switching 
comparable  with  near  stoichiometric  VO2  films  prepared  on  non¬ 
crystalline  substrates  by  other  techniques.  Paralleling  the 
investigation  of  pure  VO2,  films  were  doped  with  hexavalent  transition 
metal  oxides  to  demonstrate  lowering  of  the  transition  of  the  transition 
temperature . 


2 ■  INTRODUCTION 


2.1. _ Vanadium  dioxide 

Several  transition  metal  oxides  are  known  to  undergo  a  sudden 
m.eta  1 -to-nonmeta  1  transition  over  a  discrete  temperature  range^r^. 
Materials  which  exhibit  this  behavior  are  metal  oxides  or  sulfides. 
Pronounced  and  reversible  changes  in  the  optical,  electrical 
C'.miduct  i  V  i  t  y ,  and  magnetic  properties  of  these  materials  make  them  an 
interesting  subject  from  both  a  theoretical  and  applications 
pf> r spect  i ve  .  Among  the  materials  discovered  to  exhibit  this  behavior  is 
V  a  n  a  d  i  u  m  -■  i  i  o  i  d  o  . 


Vanadium  (iioxidt'  is  krvjwn  to  undergo  a  reversible  thermal  ly- 
indu'O'i  semi  conduct !!  r -to-meta  1  {:.hase  transition  at  68°Cl'2_  Associated 
with  this  trar.sition,  ^h<'  material  e.xhibits  large  changes  in  its 
cgu  ir-al,  1  C' 't.  r  i  ca  1  ,  uni  maqnetic  characteristics  v;ith  respect  to 
t,  C'mr r  i  f  u  re?  / 'I  .  rii  i anomalous  b'unavi'or  has  prompted  cons  idt' rab  Ic 
int»“'r‘:;t  in  *:  he  i  al.ir  :  Cat  i  on  of  vanadium  dioxide  thin  films  for 
ror;  i  ent  i  f  i  c  in  v«o::e  i  oa  f.  i  on  and  for  use  in  various  technological 
ar  C'  1  icat  i  ^  . 


In  the  ■  st.ata.'  of  VO2.  the  vanadium  atoms  are  arranqed  in  a 

b  dy-.  o:'n‘  '  ‘  r ‘id ,  t*a  ;  -.a.Cial  st  ruct  u  re'^f  t .  Kach  vanadium  atom  is 
surr 'Unit'd  by  six  oxygen  a'omr;  in  a  distorted  octahedral  arrangement. 
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s  ;o;:"«t  in:*u;  'railed  the  "rutile"  crystal  strunCure 
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since  the  symmetry  is  the  same  as  the  naturally  occurring  structure  of 
Ti02 .  Below  the  transition  temperature,  VO2  is  a  semiconductor  with  a 
monoclinic  crystal  structure.  In  the  transition  from  the  metallic  to 
semiconducting  state,  the  vanadium  atoms  shift  in  directions  both 
parallel  and  perpendicular  to  the  tetragonal  c-axis,  which  now  becomes 
the  monoclinic  a-axis,  thus  doubling  the  unit  cell  size"^.  As  a  result, 
there  is  a  nonhomogeneous  one  percent  volume  change  in  the  material. 


J.  B.  Goodenough  performed  much  of  the  early  work  on  the  band 
structure  of  VO2  in  the  semiconductive  and  metallic  state"^ .  He 
developed  a  model  which  gives  a  rapidly  disappearing  band  gap  as  a 
result  of  the  crystalline  structure  distortion  and  attributed  the  change 
in  the  band  structure  to  a  change  of  chemical  bonding.  In  the  metallic 
state,  the  uppermost  {3d)  bands  overlap,  resulting  in  partial 
occupation.  As  the  temperature  of  the  system  is  lowered,  it  becomes 
energetically  favorable  for  the  crystal  to  change  its  structure  and  for 
the  energy  gap  to  appear.  The  perpendicular  displacement  of  the 
vanadium,  cations  shorten  the  vanadium-oxygen  distance,  raising  the 
energy  of  the  7t*  band  above  the  Fermi  level.  The  parallel  displacement 
results  in  the  splitting  of  the  dband.  Below  T^  a  band  gap  of 
approximately  0.7  eV  opens  up  within  the  3d  bands  of  the  vanadium, 
separating  a  filled  band  from  the  higher-lying  empty  bands. 


Abrupt  changes  in  the  physical  properties  of  VO2  are  seen  as  it  is 
cycled  through  the  transition  temperature.  A  discontinuous  change  in 
the  electrical  resistivity,  as  large  as  10^  i2-cm  in  single  crystals^' 
has  been  reported  as  the  material  goes  from  semiconducting  to  the 
metallic  state.  For  thin  films  of  vanadium  dioxide,  the  resistivi cy 
ratio  (pT<TT/pT>Tt)  is  on  the  order  of  103  Q-cmlO.  Metallic  conduction  is 
not  reached  in  thin  films,  still  being  semiconducting  above  Tt . 


A  heating-cooling  hysteresis  effect  is  also  connected  with  this 
first-order  transition.  The  largest  and  sharpest  transition  with  the 
minim, urn  hysteresis  is  seen  in  stoichiometric  single  crystals  with  few 
structural  defects^.  The  size  of  the  hysteresis  is  as  small  as  1°C  for 
single  crystals,  and  is  typically  between  5  to  10°C  for  high  quality 
thin  films . 


The  optical  properties  of  vanadium,  dioxide  also  change  abruptly  at 
Tt,  which  is  attributed  to  the  change  in  the  band  structure.  Optical 
and  infrared  reflection  and  transmission  spectra  of  VO2  have  been  taken 
on  both  bulk  single  crystals  and  thin  films3,ii.  The  optical  properties 
of  high  quality  thin  films  were  found  to  be  quite  similar  to  bulk 
crystals.  An  absorption  edge,  seen  only  in  the  semiconducting  phase, 
occurs  at  approxim.ate ly  0.8  eV  and  can  be  taken  as  the  energy  gapH. 

When  heated  above  T^,  the  infrared  spectra  show  a  sudden  increase  in 
reflectivity  and  a  decrease  in  transmission.  Both  properties  ar-'. 
indicative  of  a  .metallic  state.  There  is  again  a  heating-cooling 
hysteresis  associated  with  the  transition,  causing  the  transmission  to 
begin  increasing  and  the  reflectivity  to  begin  decreasing  10°C  lower 
than  Tt  when  the  sample  was  cooled. 
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Changes  in  the  optical  properties  of  vanadium  dioxide  are 
extremely  broadband,  occurring  not  only  in  the  visible  and  infrared 
regions,  but  also  at  microwave  wavelengths.  Vanadium  dioxide  exhibits  a 
low  temperature  transmitting  and  a  high  temperature  reflecting  behavior 
in  this  region . 

Vanadium  dioxide  has  been  studied  extensively  over  the  past  30 
years  because  the  transition  temperature  (Tt)  is  the  most 
convenient  to  attain,  and  because  its  optical  properties  change 
appreciably  in  the  visible  and  near-IR  range  of  the  spectrum.  Recently, 
VO2  has  been  studied  for  use  as  an  energy-conserving  coating  for  windows 
and  walls.  Other  applications  include  electro-  and  photo-chromic 
devices,  thermal  sensors  and  transparent  electrical  conductors. 

There  have  also  been  numerous  studies  involving  the  incorporation 
of  various  transition  metal  ions  into  the  VO2  lattice.  It  was  observed 
that  the  transition  temiperature  may  be  raised  or  lowered,  depending  on 
the  valence  of  the  dopant  ion.  The  direction  of  the  change  in  the 
transition  temperature  can  be  correlated  with  the  relative  size  of  the 
impurity  ion  compared  to  that  of  the  V+4  ionl2,  which  has  an  ionic 
radius  of  0.63  A.  Impurity  ions  with  ionic  radii  smaller  than  V+4  raise 
the  transition  temperature.  Conversely,  impurity  ions  which  have  larger 
radii  reduce  .  Tungsten,  molybdenum,  and  tantalum  ions  are  known  to 
decrease. Tt  with  increasing  concentration,  with  tungsten  having  the 
largest  effect  per  atom.ic  percent  added6»7,i3.  xn  each  case,  the 
res'  stance  ratio  before  and  after  the  transform.at  ion  decreases  quickly 
for  low  dopant  levels.  However,  large  changes  in  the  infrared 
transmission  are  observed  even  when  the  resistance  ratio  is  smalli3. 

2.2.  Sol-gel  processing 

In  the  past  two  decades  there  has  been  considerable  interest  in 
the  sol-gel  deposition  of  single  and  multicomponent  metal  oxide 
coatings.  The  sol-gel  method  involves  the  formation  of  oxides  from 
solutic’ns  of  metal  organic  precursors,  primarily  alkoxides.  The 
alkoxide  precursors  are  converted  to  oxides  by  hydrolysis  and 
condensations  reactions.  The  m.ain  objective  of  this  work  was  to 
sim.plify  the  deposition  process  of  oxide  films  by  exploring  the  use  of 
the  sol-gel  method  for  the  deposition  of  vanadium  dioxide  films.  High 
op  leal  quality  chin  film.s  were  prepared  by  the  hydrolysis  and 
condensation  of  vanadium,  t  et  raa  1  koxides  . 

Geffcken  and  Berger  first  used  the  sol-gel  method  to  prepare  thin 
mmtal  oxide  coatings  in  19391'^.  They  showed  that  it  is  possible  to 
convert  simiole  hydrolyzable  m.etal  compounds  into  layers  of  metal  oxides. 
The  first  com.mercial  products  for  optical  applications,  made  by  the  sol- 
gel  m,ethod,  appeared  in  1953.  However,  little  interest  was  shown  in 
sol-gel  process  over  the  following  years,  owing  to  advancements  in  the 
rr;ore  popular  technioue  of  vacuum  deposition  of  metal  oxide  coatings.  In 
the  '.ixties,  Schroeder  developed  a  further  understanding  of  the 
parameters  involved  in  sol-gel  coat ings i 5, 16 .  jn  recent  years,  the  sol- 
gel  process  has  been  seen  as  an  economic  alternative  to  vacuum  coating. 
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The  sol-gel  method  first  involves  the  preparation  of  a  colloidal 
suspension  of  metal  oxide  particles  dispersed  in  a  volatile  solvent, 
known  as  a  sol.  The  sol  can  be  spread  out  across  the  substrate  by  a 
number  of  techniques,  which  will  be  described  later.  These  sols  readily 
wet  clean  glass,  ceramic  or  metal  substrates,  and  show  a  tendency  to 
solidify  into  a  rigid  gel  when  sufficiently  concentrated  by  solvent 
evaporation.  The  gel  is  then  heated  to  give  a  highly  pure  metal  oxide 
coating . 

Sol-gel  coatings  have  been  deposited  by  four  techniques.  The 
techniques  differ  in  how  a  thin  layer  of  the  sol  is  applied  to  the 
substrate.  The  most  popular  technique  is  dipcoating,  where  a  substrate 
is  submierged  into  the  sol  and  slowly  withdrawn.  In  the  second  process, 
called  lowering,  the  substrate  remains  stationary  while  the  liquid  level 
is  lowered.  The  third  process  is  spincoating,  in  which  the  sol  is 
applied  to  the  substrate,  than  spun  at  high  velocities  to  spread  a 
liquid  film  across  the  surface.  Spincoating  is  often  most  suitable  for 
.circular  substrates.  The  final  process  is  spray  coating.  A  fine  mist 
of  the  sol  is  sprayed  onto  a  substrate. 

The  sol-gel  method  offers  some  distinct  advantages  over  the  vacuum 
deposition  of  thin  metal  oxide  filmsl’^.  The  most  obvious  advantage  is 
that  the  sol-gel  process  does  not  require  a  sophisticated  high  vacuum 
chamber,  and  the  instrumentation  that  is  required  is  rather  simple. 

There  is  no  great  difference  between  coating  small  or  large  substrates 
by  the  sol-gel  method.  Coating  large  plates  by  a  vacuum  deposition 
process  is  extremely  difficult,  and  requires  a  large  expensive  system. 
Also,  the  deposition  rate  is  much  higher  in  the  sol-gel  process.  The 
sol-gel  process  offers  flexibility  in  film  composition  in  m.ult icomponent 
films  by  adjusting  the  concentration  of  the  starting  compounds  in 
solution. 

This  paper  describes  the  synthesis  and  characterization  of  sol-gel 
grown  vanadium  dioxide  using  vanadium  tetrak is  (t-butoxide)  as  the 
precursor.  The  sol-gel  method  offers  an  attractive  alternative  to  the 
vapor  deposition  of  vanadium  dioxide  thin  films,  and  to  the  conventional 
processing  of  powders.  With  this  process,  we  also  show  that  it  is 
possible  to  make  doped  vanadium  dioxide  {Vi_xMx02  where  M  =  W,  Mo)  films 
easily,  quickly,  and  inexpensively. 

3 .  EXPERIMENTAL 

Sol-gel  processing  of  VO2  films  is  shown  schematically  in  Figure  1. 
Thin  films  of  VO2  were  deposited  by  dipcoating  glass  slides  from  an 
isopropanol  solution.  Approximately  200  to  300  mg  of  V(Ot-Bu)4  were 
dissolved  in  10  mL  of  isopropanol  (Aldrich,  HPLC  Grade) .  Dopant  ions 
were  placed  into  the  r-r-ystal  structure  of  the  vanadium  dioxide  by 
combining  isopropanol ic  solutions  of  the  vanadium  tetrakis  (t-butoxide) 
with  those  of  tungsten  or  molybdenum  (VI)  oxy tet rachlor ide  (Alfa) . 
Tungsten  and  molybdenum  were  chosen  as  dopants  because  of  the  very  large 
effects  they  have  on  the  transition  temperature"^' 12, 13 .  Por  example,  in 
m.aking  V0.98Mo0.02O2  films,  M0OCI4  (11  mg)  was  dissolved  in  isopropanol 
(10  mL) .  This  solution  (2.7  mL)  was  then  added  to  a  solution  (10  mL)  of 
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V(0t-Bu)4  (200  mg) .  Hydrolysis  of  the  vanadium  compound  was  catalyzed 
by  HCl,  the  by-product. 


Hydrolysis  and 

condensation  Particle  growth  Complete  dehydration 

at  30°C  under  N  2  Solvent  evaporatbn  at  600°C  under  N  2 


Figure  1:  Preparation  of  thin  films  by  the  sol-gel  method. 

Deposition  of  the  films  was  performed  under  nitrogen  to  vent 
oxidation  of  the  vanadium  compound.  Corning  7059  barium  borosilicate 
glass  slides  were  withdrawn  from  the  solution  at  a  typical  withdrawal 
rate  of  1  mm/sec.  The  overall  reaction  leading  to  VO2  formation  is 

nV(OR)  4  +  2nH20  (VO2) /,+4n  (t-BuOH)  (1) 

where  M  =  MoO,  WO.  The  molar  ratio  of  metal  ions  in  the  film  is 
assumed  to  be  the  same  as  the  molar  ratio  of  metal  ions  in  solution  from 
which  the  films  were  growni3.  An  olive  green  film  immediately  formed  on 
both  sides  of  the  slide  as  it  was  withdrawn  from  the  sol.  Slides  were 
often  coated  more  than  one  time  to  builo  up  the  desired  thickness.  To 
convert  the  films  into  the  VO2  phase,  they  were  annealed  at  600°C  for  30 
min  under  nitrogen  to  achieve  complete  dehydration,  residual  solvent 
removal,  and  crystallization.  It  was  necessary  to  heat  the  films  under 
nitrogen  to  prevent  oxidation  of  the  film  to  V2O5 . 

A  pressure  versus  temperature  equilibrium  diagram  for  the  V-0 
system  is  plotted  in  Figure  218,  Vanadium  dioxide  is  easily 
oxidized  by  heating  near  600°C  in  air.  Conversely,  it  is  known  that 
V2O5  loses  oxygen  on  heating  in  high  vacuum  at  600°Cl9.  It  is  clear 
from  this  figure  that  isobaric  heating  at  10~19  torr  near  600°C 
transforms  V2O5  — >  V6O13  — >  VO2 .  Isothermal  decompression  at  600°C  and 
lower  oxygen  partial  pressures  causes  the  same  transformation.  Note 
that  V2O5  melts  at  660°C.  Heating  at  temperatures  over  600°C  forms 
liquid  droplets  on  the  surface  of  films. 

The  partial  pressure  of  oxygen  required  for  the  reduction  of  V2O5 
to  VO2  is  not  as  low  as  indicated  in  Figure  2.  A  eutectic  point  exists 
in  the  vanadium-oxygen  system  at  600°C.  At  600°C,  the  equilibrium 
oxygen  pressure  for  VO2  is  10~20  torr.  Lowering  the  oxygen  pressure, 
isothermally,  is  necessary  to  reduce  VO2 .  The  partial  pressure  requirea 
to  do  this  is  orders  of  magnitude  higher  than  can  be  achieved  in  the 
best  vacuum  systems  available.  Therefore,  at  600°C  and  1  mtorr,  V2O5  is 
reduced  while  VO2  is  notl8.  This  type  of  reduction  can  also  be  achieved 
in  a  nitrogen  atmosphere. 
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Temperature  (°C) 

Figure  2:  Pressure  versus  temperature  phase  diagram,  Ref.  18. 

The  electrical  and  optical  properties  of  the  gel-derived  VO2  films 
were  measured  when  heated  through  the  transition  temperature.  The 
experimental  setup  was  the  same  as  previously  described^O,  21 .  xhe 
arrangement  allowed  for  the  concurrent  measurement  of  the  electrical 
resistance  and  optical  transmission  at  2400  nm  of  the  film  as  a  function 
of  temperature.  The  data  was  collected  and  recorded  by  an  Apple  II 
computer  interfaced  to  the  experimental  setup.  Spectral  transmission  of 
these  films  was  also  scanned  above  and  below  the  transition  temperature. 
The  scan  range  was  400  to  2600  nm.  A  Sloan  Dektak  3030  profilometer  was 
used  to  determine  the  film  thickness.  It  was  necessary  to  etch  a  sharp 
step  to  m.easure  the  film  thickness.  Samples  were  masked  with  wax,  then 
etched  with  nitric  acid  or  aqua  regia.  The  wax  was  then  removed  with 
hot  hexanes.  Films  were  always  etched  after  all  electrical  and  optical 
measurements  were  made. 

4 ■  RESULTS 

Several  factors  influence  the  electrical,  optical,  and  magnetic 
properties  of  vanadium  dioxide.  Maintaining  the  stoichiometry  of 
vanadium  dioxide  is  extremely  important.  The  sharpest  transition  occurs 
in  films  closest  to  stoichiometric  VO2 .  Shifts  in  the  transition 
temperature  also  occur  with  variations  in  stoichiomet r y22  .  a  decrease 
in  oxygen  concentration  reduces  Tt,  while  an  increase  in  oxygen 
increases  T^ .  Samples  with  mixed  stoichiometric  compositions  exnibit 
much  smaller  changes  in  electrical  and  optical  properties.  This 
inhomogeneity  also  leads  to  an  increase  in  the  hysteresis  width. 
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Film  thickness  has  a  similar  effect  on  transition.  A  decrease  in 
the  film  thickness  decreases  the  resistance  ratio,  increases  the  width 
of  the  hysteresis  loop,  and  causes  the  transition  temperature  to  become 
less  dist inct22, 23 .  The  decrease  in  the  resistance  ratio  comes  entirely 
from  an  increase  in  the  resistance  of  the  high  temperature  phase,  the 
semiconductor  resistivity  remaining  mostly  unchanged.  No  discontinuous 
step  in  the  resistance  is  seen  when  the  film  thickness  is  between  100  to 
200  A. 

The  substrate  on  which  the  VO2  films  are  deposited  also  has  a  large 
influence  on  the  switching  parameters.  These  effects  are  related  to 
substrate-film  interact ions23, 24  _  The  largest  resistance  changes  have 
been  seen  in  films  grown  on  sapphire,  with  resistance  ratios  of  -10'^  Q- 
cm.  The  resistance  changes  are  somewhat  less  in  films  on  glass  and 
ceramic  substrates,  typically  on  the  order  of  -lO^Q-cm. 

Crystal  orientation  influences  the  phase  transition  in  VO2  film.s. 
Anomalous  behavior  in  optical  transmission  has  been  seen  in  highly 
textured  films25.  Films  containing  crystallites  with  a  (210) 
orientation  in  the  tetragonal  phase  have  two  phase  transitions  for  the 
cooling  branch.  This  behavior  is  due  to  an  overlap  of  two  types  of 
hysteresis  with  different  widths.  Transition  curves  with  the  sharpest 
transitions  and  narrowest  hysteresis  have  (110)  crystal  orientation  in 
the  tetragonal  phase. 

The  near-IR  transmittance  at  2400  nm  of  1000  A  thick  film  on  glass 
is  plotted  in  Figure  3A.  There  was  an  abrupt  decrease  in  transmission 
near  65°C,  beginning  slightly  before  the  change  in  resistance  occurs  as 
expected.  Large  spectral  switching  occurred  when  the  resistive 
switching  was  between  two  to  three  orders  of  magnitude.  The  usual 
hysteresis  effect  caused  the  transmission  to  increase  10  degrees  lower 
on  cooling.  The  cooling  portion  of  the  curve  shows  an  anomalous 
hysteresis  due  to  a  (210)  texturing  of  the  film25. 

The  switched  and  unswitched  transmittance  spectra  shown  in  Figure 
3B  is  typical  for  these  gel-derived  vanadium  dioxide  films.  The 
observed  transmission  changes  between  400  to  2500  nm  are  consistent  with 
that  reported  for  VO2®.  Above  Tt,  the  transmission  is  low  at 
wavelengths  longer  than  1000  nm.  The  film  thickness  was  measured  to  be 
1000  A  for  Figure  3B. 
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Figure  3A;  Temperature  dependence  of  optical  transmission  at 
2400  nm  for  a  vanadium  dioxide  film  1000  A  thick 
on  glass. 


F igure  3B : 


Waveh,»nnih  (|i  m) 

Spectral  t  ransm.iss  ion  of  a  1000  A  thick  VO2  film 
above  and  below  the  transition  temperature  on 
CJ  i  3  5  3  . 
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The  optical  transmission  of  a  250A  thick  V0.98Mo0.02O2  film  at  2400 
nm  is  shown  in  Figure  4(a) .  It  was  assumed  that  the  concentration  of 
the  dopant  in  the  film  was  the  same  as  that  in  solution.  The  transition 
temperature,  taken  as  the  inflection  point  of  the  heating  curve,  is  near 
56°C.  Resistance  changes  from  pure  VO2  were  minimal,  and  therefore  not 
included  here . 

The  results  obtained  for  a  500  A  thick  V0.99W0.01O2  film  are  shown 
in  Figure  4(b) .  The  phase  transition  occurred  over  a  larger  range  of 
temperatures,  but  the  transition  temperature  (Tt  =  35°C)  was 
significantly  lower  than  the  undoped  or  molydenum  doped  films.  Although 
the  dopant  ions  greatly  influenced  the  transition  temperature  of 
vanadium  dioxide,  they  had  little  effect  on  the  observed  spectral 
transmission3»  13 .  The  results  were  similar  to  other  work  involving 
doping  vanadium  dioxide. 
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Figure  4 : 


(a)  Tem.perature  dependence  of  the  transmission  at 
2400  nm  for  250  A  thick  V0.98Mo0.02O2  film  and  for 

(b)  500  A  thick  V0.99W0.01O2  film. 
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material  passively  switches  between  a  heat-transmitting  and  a  heat- 
reflecting  state.  Tungsten  doping  vanadium  dioxide  at  a  level  of  two 
percent  produces  a  material  that  switches  at  the  optimum  temperature  for 
energy  control  in  certain  buildings  {~15°C  or  60°F)  .  W-doped  films  have 
been  shown  to  reject  ~70t  of  the  total  solar  and  50%  of  the  visible 
radiation  when  it  switches.  This  material  is  currently  being  developed 
for  coating  building  windows  and  as  pigments  for  wall  coatings. 

Other  applications  of  vanadium  dioxide  include  electro-  and 
photochromic  devices,  and  thermal  sensors.  The  relationship  between 
electrical  resistivity  and  strain  in  thin  vanadium  dioxide  films  has 
been  investigated  for  use  as  high-sensitivity  strain  gauges29. 

6.  CONCLUSION 

Doped  and  undoped  vanadium  dioxide  thin  films  were  deposited  on 
glass  slides  by  dipcoating  from  an  isopropanol  solution  of  vanadium 
tetrakis  (t-butoxide) .  A  new  method  was  discovered  for  the  synthesis  of 
the  vanadium  precursor.  The  starting  materials  were  purified  by 
standard  chemical  procedures  which  helped  to  improve  the  quality  of  the 
final  product.  The  electrical  and  optical  behavior  of  these  gel-derived 
films  proved  to  be  comparable  to  that  observed  in  other  thin  film 
deposition  techniques. 

The  sol-gel  process  provides  a  versatile  way  of  making  doped 
vanadium  dioxide  devices.  Doping  was  achieved  by  mixing  metal 
oxychlorides  with  the  vanadium  precursor  in  solution.  This  technique 
permits  mixing  of  the  constituents  at  the  molecular  level,  which  leads 
to  a  more  homogeneous  product.  It  has  been  demonstrated  that  the 
addition  of  tungsten  and  molybdenum  depresses  the  switching  temperature 
with  increasing  concentration. 

Potential  advantages  of  this  new  approach  for  producing  vanadium 
dioxide  thin  films  via  the  sol-gel  process  are  numerous.  The  process 
does  not  require  an  expensive  vacuum  system  to  grow  films,  and  the 
instrumentation  that  is  required  is  rather  simple.  Large  surface  area 
m.ay  be  coated  with  a  homogeneous  thickness,  and  in  some  cases  both  sides 
may  be  coated  at  the  same  time.  The  sol-gel  process  affords  the 
possibility  of  coating  substrates  which  have  a  variety  of  sizes,  shapes, 
and  thicknesses.  In  many  areas,  the  sol-gel  method  is  an  attractive 
alternative  to  the  vapor  deposition  of  vanadium  dioxide. 
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.XBSTRACr 


Sol-gel  cerium  -  titanium  oxide  layers  present  potential  application  as  trans¬ 
parent  counter-electrode  (ion  storage  layer)  in  electrochromic  windows  and  mirrors 
using  lithium  conducting  electrolyte  and  electrochromic  coating.  The  precursor 
sol,  prepared  by  mixing  Ti(0Pr^)4  and  Cc(.\05)(,  (NUj)^  in  etha]iol,"is  initially  dark 
red  tuKi  becomes  transparent  after  a  few  days  aging  inclicating  the  presence  of  Ce^'’'^ 
complexes.  The  layers  have  been  obtained  by  dip  coating  tcciinique  emd  heat  treated 
at  4509C  during  15  minutes. They  have  been  characterized  by  XkD,  SIMS,  optical  ab¬ 
sorption  aiid  electrochemical  teclmiques;  it  is  showri  that  the  electrochemical  reac¬ 
tion  corresponds  to  a  reversible  insertion-extract  inn  of  lithium  ions  within  a  Ti02 
amoiqdious  film  containing  small  CeO^  crystallites.  At  low  sweep  frequencies  the 
process  is  controlled  by  a  diffusion  mechanism  (D.  .  -  6.4  IQ-l-cm^/s  at  259C) .  Cha- 
racterizatioas  of  an  all  solid  state  electrochromic  window/glass/ITO/  IvO-/  POL-Li  N 
(SO,  CIjIt  /  i  iOi  -  Cc02  /  ITO  /  glass  /  are  also  presented. 

I.  INTRODUenON 

Consiucrable  attention  is  becing  directed  to  use  sol-gcJ  methods  for  the  produc¬ 
tion  of  s  ingle, mult  ilayer  coating  as  these  teclmiques  offer  outstanding  ojiportuni 
ties^over  other  methods  of  deposition  such  as  (AD,  sputtering  or  vacuum  evapora  - 
t ion  .  Investigations  have  also  been  ver>'  active  in  the  field  of  chromogcnics  to 

develop  mid  particularly  improve  electrochromic  devices  such  as  all  solid  state 
energ)’  efficient  windows  (smart  windows)  and  reflecting  mirrors-  .  These  devices 
have  the  properties  to  alter  their  transmissive  or  reflective  projiertizb  by  appli¬ 
cation  ol  an  electric  field  or  current  ;ind  c;ui  therefore  regulate  the -heat  transfer 
and  the  luminous  radiation. 

figure  1  shows  a  tv^iical  cross-section  of  a  tnmsmissive  device  (smart  window  )  . 
It  is  made  of  fiv'e  layers  s;mdwiched  between  two  glass  substrates,  fhere  arc  two 
transparent  electrical  conductors  recjuircd  lor  setting  up  a  distributed  electric 
field,  an  electrocliromic  layer,  an  ionic  conductor  (electrolyte)  and  an  ion  storage 
layer  (counter  electrode).  Ulien  a  small  current  is  passed  through  the  cell  the  ac¬ 
tive  electrochromic  layer  changes  its  transmittimce  continuously  over  a  wide  range 
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(t^ically  70  -  101,).  The  electrochromic  coating  ty^Dically  switches  in  a  time  period 
of  seconds  to  less  than  a  minute  tmd  can  maintain  its  properties  when  the  power  is 
turned  off  (memory  effect)  .The  process  is  fully  reversible  and  the  original  bleached 
state  is  obtained  by  reversing  the  applied  voltage. 


Glass 
I  TO 

Electrochromic  material 
Electrolyte 
Counter  -  Electrode 

ITO 

Glass 


Fig.  1  -  Schematic  cross-section  of  a  solid  state  transmissive  electrochromic 
window  • 

The  glass  conducting  substrates  do  noc  present  any  problem  and  are  readily  availa¬ 
ble  on  the  market.  The  best  electronic  conductors  are  In203  -  Sn02  (ITO)  coatings  on 
glass  substrates  which  present  today  satisfactory  electronic  conduction  (  down  to 
10  /sq)  and  optical  transparency  for  the  realization  of  small  devices?  However^ 
sheet  resistjince  of  about  iH/sq  will  be  needed  for  large  scale  electrodes(l  x  1  m‘^) 

Several  materials  exhibit  electrochromic  pi'operties.  Among  them  the  metal  tran  - 
sit  ion  oxides  such  as  tungsten  and  molybdenum  trioxides  (h03,  ^b03)  are  modified 
by  the  electrochemical  insertion  of  alkali  ions  or  protons.  The  corresponding  reac¬ 
tion  is  written  below  for  WO3  : 

xA^  +  xe  +  IVOj  *  Ax  WO^  (1) 

where  A"^  =  ,  Li'*' 

The  net  result  of  the  insertion  leaction  is  the  reduct  ion  of  the  transparent  IVO3  host 
material  and  its  transformation  into  a  blue  colored  tungsten  bronze  (A.^  WO5  or 
*^3-x  (OA)x  )  ;  its  coloration  is  due  to  the  presence  of  a  large 

aosorptibn  band  in  the  visible  and  near  infrared  region  (Linax  z.  )attribu- 

ted  to  electronic  transitions  from  the  reduced  tungsten  ions  states  W^"*"  toward  the 
conduction  band  '^,3.poth  proton  and  lithium  insertion  are  possible.  Although  the 
chemical  diffusion  coefficient  of  ll'*'  in  IvD-,  is  higher  than  that  of  Li'*',b  a  complete 
transmissive  or  reflective  device  is  easier  to  realize  with  lithium  conductors  than 
with  protonic  ones  as  hydrogen  gassing  and  layer  corrosion  in  acid  media  limit  the 
life  of  the  protonic  based  devices. 

Many  electrolytes  have  been  proposed  and  tested  for  the  realization  of  these 
devices.  The  advantages  of  polymeric  ion  conductor  over  liquid  ones  have  been  re¬ 
cently  recognized' Due  to  their  elastomeric  properties  they  provide  a  good  elec¬ 
trolyte/electrode  contact,  do  not  present  problems  of  leakage  and  are  easily  elabora¬ 
ted  in  thin  film  forms.  ,\mong  them  PLO  (polyethylene  oxide)  or  PPO  (  polypropylene 
oxide)  complexed  with  alkali  salts  (Li  CIO4  ,  Li  CF5SO5  or  Li  N  (S02dF5)2)  exJiibit 
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Li"*"  conductivities  in  the  ivmge  10“^  -  Id*'  Stm”!  at  room  temperature  suitable  for 
fast  switching  time. 

ihe  electrochromic  d>^viccs  also  reciuire  the  presence  of  a  counter  electrode  or 
ion  storage  layer.  Several  oxide  materials  have  been  proposed  recently  but  none  of 
them  exhibit  ideal  properties  of  transparence,  reversibility  iind  high  kinetics  of 
the  electrochemical  reaction  lor  lithiun  ions.  i’gOs  is  fast  enougli  and  reversible 
but  its  transmission  in  the  bieached  state  is  too  low-\ld  .  Ir^O:;  retains  a  good 
transparency  but  the  insertion  of  lithiimi  is  poor  and  the  reaction  is  partially 
irreversible^  ,1“  .  Ce02  exhibits  a  good  reversibilit)' ,  is  colourless  in  both 
oxidized  jmd  reduced  states  but  shows  a  low  reaction  kinetics  15. Recently  we  have 
proposedl^  the  use  ot  TiO^  -  CeOg  layers  and  sliownl^  that  this  new  structure 
allows  a  better  Li"^  insertion  kinetics  than  pure  CeOi  .  These  films  were  depesited 
on  113  coated  glasses  by  sol-gel  dip  coating  teclinique. 

In  this  paper  we  first  describe  in  section  1  t*  e  teclmiques  used  to  prepare  the 
electrochromic,  electrolyte  and  ion  storage  layers.  In  section  5  we  discuss  es¬ 
sentially  the  properties  of  the  precursor  sol  iind  the  sol-gel  TiOg  -  CeOg  coating 
which  have  been  characterized  by  X-ray  diffraction  (XRbJ  ,  secondary  ions  mass  sjiec- 
troscop)-  (SIMS) ,  optical  transmission  and  electrochemical  teclmiques  .  In  section  4 
the  basic  properties  of  :m  all  solid  state  smart  window/glass/W05/P0E-Li  \'(S02  CF5)2/ 
TiOg  -  Ce02  /ITO/glass  are  reported  and  finally  the  conclusions  are  given  in  sec- 
t  ion  5  . 


2.  M-MERLUS 

We  describe  in  this  section  the  procedures  used  for  making  thin  coatings  based 
on  WO3  and  TiOi  -  CeOg  .  These  layers  vvere  backed  by  a  i.lmm  thick  glass  substra¬ 
tes  pi'ecoated  with  transparent  and  conducting  ITO  (Baltracon  220  Balzers).  We  also 
report  on  the  procedure  used  for  the  nreparation  and  deposition  of  the  polxmier  elec¬ 
trolyte. 


2.1.  Elect rochi-omic  Coating 

WO3  layers  were  deposited  from  the  corresponding  oxide  powder  byvacuiuri  evapora¬ 
tion  onto  400nm  thick  indium  tin  oxide  (ITO)  coated  glasses.  The  WO3  films  were 
amoiqihous  to  X-ray  diffraction  and  their  thickiiess,  measured  by  a  Talystep,  was  of 
the  order  of  200  -  500nm  .  The  films  have  been  characterized  electrochemically  as 
deposited  without  any  heat  tre__tmcntl*-^  .  The  determination  of  the  chemical  diffu  - 
sion  coefficient  for  lithium  D  =  2.5  lO"!^  cm^/s  at  ..S’C  has  been  determined  by 
analysing  the  low  frequency  response  of  the  impedance  data. 

2.2.  Electrolyte 

The  poUmer  electrolyte  was  polyethylene  oxide-  LiX  conqilex  vvith  X  =  Ci04  or 
\(S02CF-5)2  ■  They  were  prepared  by  dissolving  the  PEO  pow'der  1.4.W.=  5.10^  )  and 
the  lithium  salt  in  acetonitrii  with  an  0:Li  atomic  ratio  of  8:1  giving  rise  0 
the  highest  ionic  conduct ibi 1 ity  in  these  systemsl5,lt)  ^  viscous  and  transparent 
complex  was  doctor-bladed  on  a  teflon  substrate;  the  solvent  was  then  evaporated 
at  70’C  during  24  hours.  The  films  having  a  thickness  of  50  to  200  nr  were  kept  in 
a  dry  box  (<  Ippm  1120)  in  order  to  eliminate  any  residual  solvent  or  moisture. 

2.5.  Sol-Gel  storage  coating  (counter-electrode) 

Ti02  -  Ce02  films  with  v'arious  Ti/Ce  ratios  have  been  sx'nthc.sized  by  the  sol-gel 
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process.  The  precursor  sol  was  prepared  by  dissolving  Ce(Nl!4)2  (^05)5  ethanol  to 
which  ’.as  added  tetraisopropyl  orthotitanat  Ti (O-iso-CsHy) 4 .  The  concentration  of 
the  cerium  salt  in  ethanol  never  exceeded  0,25M  (limit  of  solubility).  N'o  special 
care  was  taken  to  limit  the  presence  of  water  in  the  solution  so  that  the  cerium 
salt  acts  as  an  acid  which  reduces  the  pH  and  prevents  the  Ti(OPr)  j  precipitation  . 
The  layers  were  deposited  by  dip  coating  tccluiique  on  carefully  cleaned  and  dried 
rro  coated  glasses  (Baltracon  220)  at  a  withdrawn  speed  of  the  order  of  lOcm/min. 
The  films  were  let  to  dry  at  room  temperature  for  15  minutes  and  then  have  been 
partially  densified  by  heat  treatment  in  air  at  450‘^C  for  ISmin.  Their  thickness 
was  ty]ncally  00  to  80 nm.  The  whole  procedure  was  repeated  to  obtain  thicker  layers. 

5.  PROPERTII-:S  Oh  Tllli  TiO^-CeOi  ION  STOIUGH  L-\i^R 

The  characterization  of  the  K'03  elect rochrQinic  layer  ;md  of  tlie  pol^Tiicr  electro¬ 
lyte  has  been  already  published  elscwherei^’l '  .  In  this  chapter  we  siiall  therefore 
only  report  on  tlic  cliaracterization  of  the  new  TiOg  -  CeO^  sol-gel  ion  storage 
layer  using  teclaiicpy^s  such  as  optical  spectroscopy.  X-ray  diffraction  (XRD) ,  se¬ 
condary  ion  mass  st)CCtrometr\-  (SIMS), cyclic  voltammetry  aid  impedance  specti'oscopy. 

5.1.  Physico-Chemical  Study  of  the  Sol 


The  cerium-titanium  layers  which  give  the  best  Li  insertion-extraction  behavior 
are  those  prepared  from  an  aged  sol  with  a  ratio  Ce/Ti  =  1  .  These  sols  are  initial¬ 
ly  clear  and  dark  redish  and  turn  to  pale  yellow  after  b  -  7  days.  The  gelification 
that  occurs  1  or  2  days  after  this  ckmge  of  color  begins  with  a  phenomenon  of  £lo- 
culation  already  observed  by  Kamiya  ctaP°  The  solution  is  then  milky  white.  In  a 
parallel  study,  we  observed  that  tlie  solution  Ce  salt/EtOH  is  initially  clear  and 
dark  redish  and  becomes  colorless  in  about  0  days.  This  period  of  time  depends  on 
the  presence  of  water  wliich  accelerates  the  clarification.  Figure  2  shows  the  chan¬ 
ge  in  optical  transmission  in  the  visible  region  of  a  1mm  thick  Ce  salt  -  ethanol 
solution  0,25  M  as  a  function  of  aging  time. 

H.M.F.  measurement  of  the  electrochemical  cell  Pt/0,25M  Ce(N03)(^  (.'vliq  )7  -  EtOi!// 
H'*'  -  Cl~//.AgCl/.\g  shows  also  a  decrease  of  about  700mV  during  this  evolution.  Ihe 
results  are  in  agi’eement  with  Ardon^^  showed  tliat  this  behavior  corresponds  to 
a  reduction  reaction  of  Ce'^'^  into  Ce-^'*"  according  to  : 

2Cc'^'^  +  Eton  — 2  Ce^"^  +  MeGlO  +  211'^  [  2) 

Th('  reduct  ion  of  the  is  preceeded  by  the  fonnation  of  a  dark  redish  complex 

Ce"^  /Etoii*^^’  .  IVe  can  therefore  consider  that  the  color  change  of  the  sol  prepared 
for  the  dip  process  is  due  to  the  reduction  of  Ce.  Thus,  the  starting  solution  con¬ 
tains  Ced+  instead  of  Ce'^'^  as  initially  presumed.  Howev'er  the  use  of  CeCl^  instead 
of  Cc(.\05)5  (.\H4)2  gives  coatings  with  bad  electrochemical  characteristics!-^ .  This 
different  behavior  is  presently  not  understood. 

5.2.  X-Ray  Diffraction 


X-ray  were  carried  out  on  powders  obtained  from  iiO,  -  CeOi  gels  and  thin  oxide 
films.  The  powder  was  prepared  by  letting  the  sol  to  gel  slowly  at  room  temperatu¬ 
re  Luitil  solidification,  and  followed  by  a  heat  treatment  in  open  furnace  at  dif  - 
ferent  temperatures  (250  -  550‘?C)  .  In  this  temperature  ixmgc  no  difference  was  ob  - 
served  in  the  X-ray  spectra. Altliougli  the  gel  has  been  obtained  with  a  sol  containing 
Ce-'’"^  comiilcxes  the  \-ray  pattenis  sliou  the  presence  of  cr\’stalline  and  small 
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peaks  belonging  to  the  Ti02  anatase  structure  (Figure  3) . 


X  (nm) 


Fig.  2  -  Optical  transmission  of  a  1mm  thick  0,25M  Ce(NH4)2(N03)5-  ethanol 
sol  as  a  function  of  aging  time  1,  2,  3,  4  and  5  days. 


The  thin  films  obtained  after  three  dips  and  heat  treated  at  450?C  during  15 
minutes  have  a  thickness  of  about  300nm.  They  are  essentially  amorphous  under  X  -ray. 
Nevertheless,  the  observation  of  the  main  peaks  of  CeOz  (Fig.  3b)  indicates  the  pre¬ 
sence  of  very  small  crystallites.  It  is  worthwhile  to  mention  that  the  presence  of 
Ce02  proves  that  the  cerium  has  been  reoxidized  during  the  thermal  treatment. 

3.3.  Electrochemical  Characterization 

Cyclic  voltammetp^  was  employed  for  surveying  the  redox  process  at  the  Ti02-Ce02 
film.  The  automated  impedance  system  consisted  of  a  potent iostat/galvanostat  EGhG 
model  273,  and  a  lock-in  analyzer  which  were  both  controlled  by  a  computer.  Impedan¬ 
ce  spectra  were  generated  over  the  frequency  range  of  lOkHz  to  O.OlHz  using  a  lOmV 
peak  to  peak  a.c.  excitation,  a.c.  impedance  and  voltammetry  measurements  were  made 
at  room  temperature  and  perfonneci  in  a  dry  box  using  a  thi'ee  electrodes  cell 

CeO,  -  TiO,  I  PC-  0.2M  LiClOj  1  Li 

Ag/Ag  PC-  0.2M  (Lt^N)ClO^  (reference) 
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Fig.  3  -  X-ray  diffractogram  of  a)  Ti02  -  Ce02  powder  heat  at  230’C 
during  14  h.  The  peaks  marked  (o)  corresponds  to  Ce02  and 
those  marked  (+)  to  the  Ti02  anatase  structure.  b)Ti02-Ce02 
thin  film  of  about  300nm  thickness  treated  at450'?C  during 
15  minutes. 


All  reagents  used  were  of  analytical  grade  .  Anhydrous  lithium  perchlorate  was 
dried  under  vacuum  at  150’C  for  24h  before  use.  Propylene  carbonate  (PC)  was  puri  - 
fied  by  distillation.  Fi^re  4  shows  typical  voltammogram  of  Ti02  “  Ce02  electrode 
heat  treated  at  450’C  during  15  minutes.  No  difference  has  been  observed  for  coa¬ 
tings  obtained  with  one  or  three  dips.  The  cathodic  and  anodic  peaks  are  characte¬ 
ristics  of  a  reversible  insertion  process  of  lithium  ions  in  the  electrode  material. 
The  stability  of  these  electrodes  under  repeated  charge  and  discharge  conditions  has 
been  tested  up  to  100  cycles  and  no  modification  has  been  observed. 
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a)  Cyclic  voltammogram  of  a  Ti02  ~  Ce02  electrode  in  PC  - 

0,2M  LiC104  measured  at  50mV/s.  ( - )  and  100mV/s( -  ) 

sweep  rate. 

b)  Variation  of  the  cathodic  peak  current  i^  of  the  same 

electrode  as  a  function  of  the  square  root  of  the  sweep 
rate . 
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Fig.  4b  shows  the  variation  o£  the  cathodic  peak  current  as  a  function  of  the  square 
root  of  the  sweep  rate.  The  variation  was  found  linear^  characteristic  of  a  process 
which  is  controlled  by  the  solid  state  diffusion  of  Li^  ions  through  the  film21  . 
Impedance  data  are  shown  in  figure  S  .  The  straight  line  observ'ed  below  lOHz  and  at 
equilibrium  potential  indicate  that  the  rate  of  lithium  injection  is  diffusion  con  - 
trolled. 


Fig.  5  -  Complex  impedaiicc  representation  of  a  TiO;  -  Ce02  electrode 
in  PC  -  0.2M  LiC104  ,  E  =  0.5V  vs  Ag/Agf  . 


The  ac  response  has  been  analysed  by  the  Randles  equivalent  circuit^^  shovvii  on  the 
left  side  of  figure  6  .  The  circuit  elements  arc  the  charge  transfer  resistance  ©  , 
the  double  layer  capacitance  Cpp  ,  the  electrolyte  resistance  R]  tind  a  IVarburg 
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element  Z\fj.  The  left  side  of  the  figure  shows  the  frequency  response  of  the  cir¬ 
cuit  and  is  to  be  compared  with  the  experimental  results  of  figure  5. 


Fig.  6  -  a)  Equivalent  circuit 

b)  Frequency  response  of  the  equivalent  circuit  (from  22) 


The  value  of  the  Li  diffusion  coefficient  were  obtained  either  from  the  straight 
line  region  or  from  the  low  frequency  limiting  behavior  (vertical  line  in  complex 
plane  not  shown  in  the  figure).  Both  real  and  imaginary  parts  of  the  impedance  are 
proportional  to  c3l/2  between  lOHz  and  1  Hz.  The  diffusion  coefficient  was  calcula  - 
ted  using  equation^S  ; 


D  =  (Vy2FS)"  (dE/dy)^  (1/2A^) 


(5) 


where  is  the  molar  volume.  S  the  surface  area  of  the  electrode  ,  A  the  slope 
of  Z"  vscJi/-  ,  F  is  the  Faraday  constant  and  dE/dy  is  the  slope  of  tlie  coulometric 
titration  curve  at  a  given  insertion  rate.  This  value  can  also  be  determined  from 
the  imaginary  part  of  the  impedance  diagram  at  very  low  frequency  (see  figure  Lb  ) 
where 


R 


L 


^m  .dE  ^  1 

2FS  My  ^  5D 


(4) 


The  value  of  the  molar  volume  used  was  that  of  crystalline  Ce02.  For  the  ex-perimen- 
tal  conditions  represented  in  figure  6,  for  a  film  with  a  thickness  1  =  bOnm  and 
for  H  =  (1.5V  vs  Ag/Ag"*"  ,  we  obtain  : 

0  =  0.4  10  ^‘'cm“/s  (5) 

25 

This  value  is  comparable  with  those  already  obtained  in  UO-  film  ' . 
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Figure  7  shows  a  potentiostatic  cycling  performed  on  the  TiOo  -  Ce02  electrode 
between  -1.8  V/Ag  and  +0.5  V/Ag.  After  30  cycles  we  see  that  the  loss  in  the 
charge  passing  through  the  cell  is  extremely  low.  This  result  confirms  the 
voltammetric  measurements  . 


S  =  2  cm^ 


Fig. 7  -  Potentiostatic  cycling  of  a  three  dip  Ti02  -  Ce02 
electrode  (Ti/Ce  =1)  in  a  0.2M  propylene  carbo¬ 
nate  -  LiClO^  . 


3.4.  SINE  Characterization 


SINE  profiles  have  been  obtained  at  the  Center  for  Microanalysis  of  Materials  , 
University  of  Illinois  at  Urbana  Champaign  using  a  Chimera  INE  3  f  instrument . 
Figure  S  shows  the  profiles  of  Ti,  Ce,  Li,  N’a,  K,  0,  Si,  Sn  and  In  for  a  two 
dip  layer  TiOi  -  Ce02  film  deposited  or  an  ITO  coating  and  heat  treated  at  450°  C 
for  15  minutes.  Lithium  was  electrochemical ly  inserted  into  the  oxide  film.  A  thin 
gold  layer  was  also  deposited  on  the  top  surface  to  eliminate  the  ion  beam  charging 
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effects.  As  no  standard  was  available  the  height  of  each  curve  cannot  be  related  to 
the  elements  concentration.  We  see  that  the  concentration  of  these  elepients  is 
constant  throughout  the  layer  and  that  diffusion  of  Sn  and  In  of  the  ITO  coating 
dees  no|  affect  the  composition  of  the  ion  storage  layer.  The  figure  8  also  proves 
that  Li  ions  have  been  inserted  into  the  layer  and  that  its  concentration  is  homo¬ 
geneously  distributed  . 


TIME  (sec) 

1 1 8 

Fig.  8  -  SINK  profiles  of  Ti,  Ce,  Li,  Na,  K,  0,  Si,  In  and  Sn  of 
a  2  dip  layer  TiO?  -  CeO?  film  deposited  on  ITO  coated  glass 
and  heat  treated  at  iSO^C  for  15  minutes  measured  after  Li+ 
ions  insertion. 
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5.5.  Optical  Characteristics 

Figure  9  shows  the  transmission  spectrum  of  a  -300nm  thick  liOT-CeOT  oxide  pre¬ 
pared  with  a  sol  aged  3  days  and  subsequently  heat  treated  at  450-C  for  15  minutes 
and  measured  before  and  after  Li  ions  insertion.  The  optical  transmission  remains 
practically  unaltered.  This  exceptional  behavior  is  teclmologically  of  groat  impor¬ 
tance  as  no  coloration  will  appear  at  this  electrode  during  the  cycles. 


300  400  500  600  700  800 


WAVELENGTH  (nm) 


Fig. 9  -  Optical  transmission  of  a  nm  thick  TiO?  -  Ce02 

(3  dips)  deposited  on  ITO  coating  and  heat  treated  at 

450°C  during  15  minutes  measured  before  ( - )  ;ind 

after  ( - )  Li'^  ions  insertion. 

The  contrast  of  a  complete  cell  will  be  less  sensible  to  any  thickness  variation  of 
the  layer,  as  in  the  case  of  a  locking  chair  configuration.  Moreover  the  higher 
transmitt i''i ty  obtainable  with  this  ion  storage  coating  is  not  dependent  of  the 
counter  electrode  layer  thickness.  The  coloration  of  an  clcctrochromic  device  (win¬ 
dow  or  mirror)  will  only  arise  from  the  optical  properties  of  the  clcctrochromic 
layer  (WO^  for  instance) . 

4.  PROPFRITLS  OF  TUL  FLF(:rKOaiRO.^UC  LWLR  A\l)  TUL  UTNIXIIV 

As  discussed  in  the  previous  section,  the  coloration  of  a  comjilctc  device  which 
uses  a  TiO?  -  CeOi  ion  storage  layer  is  only  governed  by  the  properties  of  the 
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electrochromic  layer.  The  window  which  is  presently  tested  has  the  configuration 
shoim  in  figure  1.  The  simdwich  is  composed  of  the  following  elements  : 

/glass/ n'0/W0-/P0E-Li  N  (SO,  CF_J ,/TiO,  -  CeO,/  ITO  /  glass  /  (b) 

figure  10  shows  the  optical  response  of  the  electrochromic  layer  WO^  250nm  thick 
deposited  by  evaporation  tecliniquc  on  an  ITO  coated  glass  substrate  before  and 
after  a  partial  Li  ions  insertion  corresponding  to  a  charge  of  lO.SmC/cm-  .  It 
shows  a  reduction  of  the  optical  transmission  already  reacliing  SOo  at  fcOOnm.  A  com¬ 
plete  window  is  presently  under  test. It  is  built  by  assembling  three  separate  com  - 
ponents  ;  glass  /  ITO  /  WO5  ,  electrolyte  imd  TiO?  -  CeO,  /  ITO  /  glass.  After  tlieir 
assembling  the  complete  cell  is  hot  pressed  at  80°C  in  a^dry  box  and  sealed  with  a 
low  vapor  pressure  resin  Il'arian  lorr  -  seal  ). 


100 


80 


...  60 
£ 

^  40 
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fig.  10  -  Optical  transmission  of  an  250nm  thick  IVO5  deposited 
by  evaporation  technique  on  ITO  coated  glass  substra¬ 
te  measured  before  I - j  and  after  ( - )  Li'^  ions 

insert  ion. 


fig.  U  shows  the  cyclic  voltammetry'  of  such  a  device,  Ihe  TiO’  ~  CcOt  coiuiter  elec¬ 
trode  is  used  as  a  reference  electrode.  The  coloration  of  this  cell  cinuigcs  I'cver- 
sibly  by  applying  a  suitable  voltage  between  the  two  electronic  electr'odcs.  It  is 
blue  vvhen  is  reduced  and  transparent  and  colourless  when  it  is  oxidised.  Com  - 

plete  optical  characterizations  arc  undenvay. 
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Fig.  11  -  Cyclic  voltajnmetry  of  a  complete  transmission  window  glass  / 
ITO/  WO3  /  PEG-  Li  N  (SO2  C  F3)2  /  TiO^  -  Ce02  /  ITO  /glass. 


5.  CONCLUSIONS 


This  paper  presents  an  investigation  of  the  physical  properties  of  TiO^  -  CeO? 
thin  films  prepared  by  the  sol-gel  process  using  the  dip  coating  technique. This  ma¬ 
terial  presents  an  oustanding  behavior  as  Li+  ion  storage  electrode  and  its  use 
is  quite  promissing  for  electrochromic  devices  such  as  smart  windows  or  mirrors^^. 
The  lithium  insertion  is  reversible  and  the  electrode  kinetics  is  acceptable.  The 
process  is  controlled  by  solid  state  diffusion.  No  coloration  is  observ'ed  during 
the  electrochemical  cycles  which  should  improve  the  uniformity  of  the  optical  con¬ 
tract  of  such  devices.  The  chemical  diffusion  of  Li  at  room  temperature  is  D=  0.4 
10^“cm^/s  (L  =  0.5V  vs  Ag/  vg'*’) .  This  value  is  comparable  to  those  obtained  in  WO5 
electrochromic  film.  The  detailed  mechanism  of  the  lithium  insertion  is  still  not 
very  well  understood. 


The  best  electrochemical  results  have  been  obtained  with  a  5  to  7  days  aged  sol, 
Physico  chemical  studies  show  that  in  such  a  sol  the  cerium  is  present  almost  as 
.  It  is  however  oxidized  into  Ce^^'*'  during  the  heat  treatment  of  densifica  - 
tion  iind  very  small  crystallites  of  CeO^  are  observed  in  a  still  amorj'dious  TiOi 
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matrix.  The  presence  of  these  crystallites  seems  to  be  fundamental  as  weel  as  the 
choice  of  the  cerium  precursor.  The  use  of  CCCI5  for  instance,  which  is  also  found 
as  Ce^"^  in  the  precursor  sol,  gives  poor  electrochemical  reaction. 

Complete  transmissive  and  reflective  devices  are  presently  under  extensive  tests 
in  order  to  determine  their  optical  properties,  long  tern  reversibility  and  gener;iL 
performances  under  different  ambient  conditions.  The  feasability  of  preparing  other 
components  by  the  sol-gel  process  such  as  the  clectrochromic  coating  (WO^)  and  a 
solid  state  electrolyte  is  also  underway. 
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ABSTRACT 

Single  and  multilayer  sol-gel  thin  films  of  Ti02-Pb0,  Ti02-Bi203  and  Ti02-  Ce02 
composition  were  deposited  on  glasses  using  the  dip  coating  technique. The  precursors 
included  Ti(0Pri)4  chemically  modified  by  acetyl  acetone  and  diluted  in  PriOH  and 
sols  of  Pb(0Ac)2,  Bi(N03)3  BHgO  diluted  in  acetic  acid.  The  Ti02-Ce02  sol  was  pre¬ 
pared  by  mixing  Ce(NH4)2(N03)5  in  ethanol  and  then  adding  Ti(0-iso-C3Hy)4. Structure 
texture  and  homogeneity  of  their  main  constituants  was  established  by  XRD,  XPS,SIMS 
and  SEM-EDX  techniques  as  a  function  of  heat  treatments. 

1.  INTRODUCTION 


The  utility  of  sol-ge]  methods  for  producing  glass  ana  ceramic  materials  with 
high  chemical  homogeneity  at  relatively  low  temperatures  is  now  well  recognized.  Re¬ 
cently  considerable  attention  has  been  directed  to  the  use  of  these  methods  for  the 
production  of  thin,  thick,  single  and  multilayers  coatings  as  these  techniques  offer 
outstanding  opportunities,  including  low  cost  of  precursors,  rapid  drying,  uniform 
shrinkage  and  easy  elimination  of  volatiles.  The  possibility  to  obtain  coatings  with 
microscopic  structures  which  can  be  tailored  by  heat  treatment  from  highly  porous 
to  fully  dense  is  also  an  asset  for  several  interesting  applications.  Furthermore, 
rather  simple  and  comniercially  viable  pix)cessing  methods  are  available  to  coat  sub- 
strates  of  nearly  any  size  and  geometry^. 


We  have  shown  in  earlier  publications  that  Sol-Gel  coatings  of  TiOy  -  PbO, 
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Ti02-Bi203  and  Ti02-CeC^ compositions  obtained  by  dip-coating,  have  a  high  optical 
quality;  almost  flat  spectral  transmission  and  reflection  characteristics  can  be 
obtained  in  the  visible  by  adjusting  their  thickness.  Tnese  properties  suggest  their 
use  for  the  preparation  of  achromatic  beam  splitters  and  neutral-colored  solar-ener- 
gy-reflecting  windows2>3-  We  have  also  demonstrated  that  thick  films  of  Ti02-Pb0 
composition  can  be  successfully  used  for  the  realization  of  passive  planar  wave 

guides  where  up  to  4  effective  modes  have  been  optically  coupled  More  recently 

we  discovered  that  Ti02-Ce02  films  exhibit  reversible  electrochemical  insertion  for 
Li'‘'ions  while  maintaining  high  optical  transmissivity;  these  outstanding  properties 
turn  these  films  natural  candidates  for  the  realization  of  transparent  counter  elec- 
trode  in  all  solid  state  electrochromic  transmissive  or  reflective  devices  ’  . 


These  various  applications  prompted  therefore  a  more  thorough  investigation  of 
the  film  structure,  texture,  and  (2D,  3D)  homogeneity  of  their  elemental  constitu  - 
ants  during  the  densification  process.  This  paper  presents  original  and  recent  data 
obtained  with  sol-gel  of  Ti02-Pb0,  Ti02-Bi203  and  Ti02-Ce02  thin  films  compositions 
using  techniques  such  as  X-ray  photoelectron  spectroscopy  (XPS),  secondary  ion  mass 
spectroscopy  (SIMS),  scanning  electron  microscopy  (SEM),  electron  diffraction 
spectroscopy  (SEM-EDX)  and  X-ray  diffraction  (XRD). 


2.  EXPERIMENTAL  PROCEDURES 


2.1.  Precursor  and  sol  preparations  of  Ti02-Pb0  composition 

The  method  used  to  prepare  the  precursor  sols  is  based  on  the  chemical  modifica¬ 
tion  of  titanium  isopropoxide  Ti(OPr^)^  by  the  rather  strong  chelating  ligand  and 
stabilizing  agent  acetylacetone  AcacH  , 


The  preparation  of  the  complex  alkoxide  is  described  by  the  exothermic  reaction  . 


Ti  (OPri)^+  2  AcacH  - p  Ti  (0Pri)2  (Acac)2+  2  (Pr^H)  (1) 

The  yellow  and  homogeneous  solution  is  then  mixed  for  30  minutes  until  its  tem¬ 
perature  lowers  to  25^0.  A  solution  of  lead  acetate  Pb(0Ac)2  in  acetic  acid  (concen¬ 
tration  720  g/1)  is  then  added  and  stirred  for  30  minutes.  This  sol  is  quite  stable 
and  does  not  present  gelation  or  precipitation  for  several  months.  Both  precursor 
sols  can  be  mixed  in  any  proportion.  The  typical  volumes  used  for  films  of  composi¬ 
tion  Ti02-  0,25  PbO  (PbTi^Og)  are  given  bellow: 


Pr^OH 

Acac  H 

Ti(0Pri)4 

Pb  acetate  sol 

pH 

40  ml 

3  ml 

4  ml 

1,81  ml 

5,7 
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2.2.  Precursor  and  sol  preparation  of  TiOg-Bi^Oq  composition 


Similar  procedures  were  also  used  for  the  preparation  of  precursors  and  sols  of 
Ti02-Bi203  composition.  However,  the  bismuth  sol  was  prepared  by  mixing 
Bi(N03)35H20  in  acetic  acid  with  a  concentration  of  665  g/1.  The  typical  volumes 
used  for  films  of  Ti02- 0,1 281263  composition  are  given  below: 


PriOH 

Acac  H 

Ti  (OPri  )4 

Bi  nitrate  sol 

30  ml 

1,8  ml 

2,5  ml 

1,9  ml 

0,86 

2.3  Precursors  and  sol  preparation  of  TiOp-CeO^  composition 

The  starting  solution  was  prepared  by  dissolving  Ce(NH^)2  (N03)5  in  ethanol,  ad¬ 
ding  then  tetrai sop ropy 1  orthotitanate  Ti (O-iso-CgHy)^ .  The  concentration  of 
Ce(NH^)2  (^03)^  cannot  exceed  0,25  M  because  of  the  solubility  limit  of  the  salt  in 
ethanol  at  room  temperature.  The  presence  of  the  cerium-ammonium  nitrate  stabilizes 
the  solution. 

2.4.  Films  preparation  and  characterization 

The  thin  films  have  been  obtained  by  dip-coating  on  common  glass  substrate  except 
those  of  Ti02-Ce02  which  have  been  coated  on  ITO  Baltracon  substrates.  The  with¬ 
drawal  speed  was  of  the  order  of  4-15  cm/min.  After  each  coating  procedure  the 
films  were  dried  and  heat  treated  in  air  at  a  specified  temperature  (up  to  500e  C) 
for  different  period  of  time  (up  to  1  h).  The  whole  process  was  repeated  to  obtain 
thicker  films. 

The  films  have  been  characterized  by  XPS,  SIMS,  SEM,  SEM-EDX  and  XRD  techniques 
in  order  to  study  the  evolution  of  their  structure,  texture,  2D  and  in  depth  profile 
composition  during  tie  densification  treatment. 

a)  XPS  was  performed  on  a  PHI  model  5500  instrument*  equipped  with  a  hemispheral 
analyser  and  unmonochromatized  Mg  X-ray  source.  The  samples  were  sputtered  depth 
profiled  with  Ar  ions  (  2  KV,  ~  7nA) .  XPS  recording  was  performed  with  the  ion 
beam  off  at  the  pressure  lower  than  10  Torn.  The  angle  between  the  surface 
sample  and  the  analyser  was  70°  .  The  chemical  analysis  was  obtained  by  using 
the  PHI  software  routines,  version  3  modification  B.  The  concentration  of  each 
element  is  given  in  atomic  percent  and  represents  the  total  atomic  concentration 
regardless  the  chemical  state. 

b)  SIMS  was  performed  on  a  Cameca  IMS  3  f  instrument*.  A  8  Kev  mass  analysed  cesium 
ion  beam  with  approximately  500  pm  diameter  was  used  for  all  analyses  and  depth 
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profiles.  All  samples  were  coated  with  a  thin  gold  layer  and  covered  v.-ith  a  grid 
in  order  to  avoid  charging  effects. 

c)  SEM  was  performed  on  a  Hitachi  s-800  instrument*. 

d)  SEM-EDX  was  performed  on  a  Jeol/Tracor  instrument** 

e)  XRD  was  peformed  on  a  Rigaku  Rotaflex  RU200B  instrument*** 

RESULTS  AND  DISCUSSION 


3.1.  Films  of  TiOp-PbO  composition 

The  basic  composition  of  these  films  was  Ti02  -  0,25  PbO  (PbTi^Og)  equivalent  to 
an  atomic  concentration  of  7.'%  Pb,  28,6%  Ti  and  64,2%  0.  All  the  films  heat 
treated  in  air  up  to  a  temperature  of  SOO^C  for  up  to  60  minutes  were  found  amor¬ 
phous  to  X-ray.  Figure  1  shows  SEM  micrograph  of  films  heat  treated  at  IDO^C  and 
60  min.  They  appear  uniform  except  for  small  amount  of  dust,  possibly  precipita  - 
tions  and  small  inhomogeneities.  The  coatings  fired  at  500 c  for  60  minutes  are 
practically  densified  with  an  overall  smooth  continuous  surface.  Figure  2  indicates 
a  micrograph  of  a  layer  with  pox  marks  and  possibly  precipitates  and  cracking  near 
the  lower  edge  of  the  substrate  (end  of  the  dip  process)  were  also  observed. 

XPS  analysis  was  performed  on  two  similar  samples.  Figure  3  shows  three  typical 
survey  scans  for  a  Ti02  -  0,25  PbO  film  heat  treated  at  IDO^C  for  60  minutes:  a) spec 
trum  recorded  at  the  surface  (as  received),  b)  spectrum  recorded  after  20  minutes 
Ar  sputtering  (at  ~  1/6  of  the  depth),  c)  spectrum  recorded  after  125  minutes  Ar 
sputtering  near  the  glass-film  interface.  All  the  peaks  have  beeen  identified  and 
the  spectra  shows  the  presence  of  0,  Ti,  Pb,  C,  Na  and  Ca.  A  detailed  analysis® 
shows  that  the  0  and  Ti  peaks  are  hardly  affected  by  the  sputtering  while  features 
appear  on  the  lower  binding  energies  (BE)  side  of  the  Pb  4f  peaks  already  after  4 
or  8  minutes  of  sputtering;  these  features  grow  into  a  doublet  of  equal  intensity 
of  the  original  doublet  after  75  minutes  of  sputtering.  After  125  minutes  (near  the 
interface)  the  doublet  of  lower  BE  has  a  higher  intensity.  This  behavior  is  due  to 
ion- induced  chemical  damage  leading  to  a  reduction  of  lead.  The  fact  that  the  Ti  2p 
peaks  are  not  affected  is  not  clear  and  will  be  discussed  later. 

Figure  4  shows  the  relative  concentration  in  atomic  percent  of  the  elements  0,  C, 
Ti ,  Na,  Pb  and  Ca  determined  as  a  function  of  the  sputtering  time  (depth).  The  con¬ 
centration  of  carbon  is  still  high  and  goes  high  deep  into  the  layer  but  decreases 
with  distance  from  the  film  surface.  The  elimination  of  the  organic  group  is  not 
yet  complete  at  this  temperature  and  the  fact  that  lead  was  introduced  as  an  acetate 
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Fig. 3.  XPS  survey  of  a  one  layer  Ti02-0,25  PbO  film  heat  treated  in 
air  at  190^0  during  60  minutes  and  recorded  a)  at  the  surface  as  re¬ 
ceived,  b)  after  20  minutes  sputtering  (~  1/6  of  the  depth),  c)  after 
125  minutes  of  sputtering  (near  the  glass-film  interface) 
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RELATIVE  CONCENTRATION  {atomic  ®/o ) 


Fig.  4  XPS  profile  of  Ti02-0,25  PbO  film  heat  treated  in 
air  at  190-C  during  60  minutes. 
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SPUTTERING  TIME  (min) 

Fig.  5  Same  as  figure  4  after  elimination  of  the  carbon 
contribution  and  recormalization  of  the  atomic  concentra¬ 
tion  (left  scale).  The  depth  profile  of  the  ratio  Pb  /  Ti 
is  also  shown  (right  scale). 

received)  b)  after  20  minutes  of  sputtering  (~  1/3  of  the  depth)  c)  after  80  minu¬ 
tes  of  sputtering  (beginning  of  the  glass-film  interface). 

A  detailed  analysis®  shows  that  sputtering  has  little  effect  on  the  0  Is  peak; 
however  a  small  shoulder  appears  at  lower  BE  when  the  interface  is  reached  due  pro¬ 
bably  to  oxygen  in  the  glass  substrate.  On  the  other  hand  the  sputtering  has  now  a 
stronger  effect  on  the  Pb  4  f  peaks;  a  low  BE  doublet  already  appears  after  3  minu- 
t.es  sputtering  indicating  lower  oxidation  states  and  its  intensity  grows  rapidly  as 
we  penetrate  in^'o  the  layer  and  becomes  even  higher  than  the  original  doublet.  The 
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high  BE  doublet  tends  tc  decrease  and  becomes  finally  a  shoulder  near  the  interface 
Ti  2p  doublet  peaks  are  now  also  affected  by  the  sputtering.  A  shoulder  sta_rts  to 
develop  already  after  5  minutes  and  is  present  throughout  the  layer  indicating  the 
transformation  of  Ti  to  lower  oxydation  states.  The  carbon  peak  is  only  present 
in  the  upper  3  nm  and  practically  disappears  after  5  minutes  sputtering.  Ca  concen¬ 
tration  has  also  dropped  below  the  detection  limit.  The  profile  of  the  elements  is 
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BINDING  ENERGY, eV 

Fig. 6  XPS  survey  of  a  one  layer  Ti02-0,25  PbO  film  heat  treated 
in  air  at  BOO^c  during  60  minutes  and  recorded  a)  at  the  sur¬ 
face  (as  received),  b)  after  20  minutes  of  sputtering  (~  1/3  of 
the  depth),  c)  after  80  minutes  of  sputtering  (beginning  of  the 
glass-film  interface). 
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shown  in  Figure  7.  The  ordinate  gives  the  relative  concentration  of  0,  Ti ,  Pb  and 
Na  only.  The  carbon  contribution  has  been  eliminated  and  its  profile,  shown  in  the 
figure  as  a  dotted  line  is  only  given  for  information. 

The  most  important  result  of  this  figure  is  the  depth  variation  of  the  ratio 
Pb/Ti  (originally  equal  to  0,25).  This  ratio  is  high  near  the  surface  because  of 
the  segregation  of  Pb  and  the  strong  deplection  of  Ti;  it  rapidly  decreases  below 


O 

< 

(T 


A 

Q. 


Fig.  7  XPS  profile  of  a  one  layer  Ti02  -  0,25  PbO 
film  heat  treated  in  air  at  500^0  during  60  minu¬ 
tes.  The  C  contribution  (shown  as  a  dotted  line) 
has  been  eliminated  and  the  left  ordinate  scale  re¬ 
fers  to  the  relative  concentration  of  0,  Ti,  Pb, 
Na  only.  The  ratio  Pb/Ti  is  also  shown  'right  scale) 
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the  original  values,  because  the  lead  concentration  beyond  the  subsurface  is  low 
(3%  Instead  of  7,2%). 

These  results  indicate  that  lead  (or  lead  oxide)  volatilizes  easily  even  at 
this  low  temperature  (500-C).  It  may  be  therefore  difficult  to  obtain  in  film  form 
compound  materials  of  technical  interest  with  definite  stoechiometry  in  the 


I 

i. 

Cf 

is 


TOC  (Md 


Fig.  8  SIMS  profiles  on  a  3  layers  Ti02-0.25  PbO  film  heat 
treated  at  500-C  during  15  minutes  after  each  dip. 
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TiO^-PbO  system  using  the  sol-gel  process.  This  (expected)  behavior  confirms  recent 
XRD  results^^^’ on  the  observation  of  significant  phase  formation  of  lower  lead 
content  such  as  PbTl304  in  sol-gel  prepared  PbTiOg  after  570^0  firing. 

SIMS  profiles  obtained  with  a  3  layers  TiOn-OjPS  PbO  coating  heat  treated,  after 
each  dip,  at  SOO^C  during  15  minutes  are  shown  in  figure  8  and  confirmed  the  XI^S 
results.  We  must  however  recall  that  comparison  of  the  ordinate  (count  values)  of 
each  element  has  no  significance  as  no  standard  was  available.  Moreover  the  .sliarp 
variations  observed  at  the  outer  surface  (gold  coating)  and  at  the  interface  glass - 
film  art'  consequences  of  the  secondary  ionization  process  (variation  of  the  sensibi¬ 
lity  in  different  matrices)  and  are  therefore  not  indicative  of  the  relative  concen¬ 
tration  of  the  elements  within  these  layers. 

We  clearly  observe  a  decrease  of  Pb  concentration  with  the  distance  from  the 
film  surface,  The  carbon  profile  presenus  an  intersting  behaviour:  although  its 
concentration  is  extremely  low  within  the  layer  (see  figure  7)  its  profile  is  sim¬ 
ilar  to  three  inverted  d  shape  function  and  clearly  indicates  the  position  of  the 
three  deposited  layers.  Moreover  the  large  atmospheric  peak  observed  on  the  surface 


Fig.  9  2-D  reparti  lion  of  Ti  and  Pb  measured  by  SFM-FDX 
with  a  TiO.j  -  0,25  PbO  sample  fixevl  at  SCO'-C  during  60 
mdnutes . 
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layer  by  XPS  and  v-liich  we  would  expect  at  each  layer  interface  (around  t=450  s  and 
750  s  respectivelly)  arc  not  present. 

Finally  figpire  9  shows  that  the  2-D  repartition  of  Ti  and  Pb  measured  by  SET'PEDX 
with  a  Ti02-0,25  PbO  sample  fired  at  500^0  is  quite  homogeneous  and  uniform.  Sim¬ 
ilar  results  have  been  obtained  for  the  other  elements  up  to  very  high  magnifi¬ 
cation  of  56000X. 

3.2.  Films  of  Ti02-Bi203  composition 


Ihie  basic  composition  of  these  films  was  TiOp-O, 125Bi202(Ti^Bi0g  g)  giving  an 
atomic  concentration  of  6,9%  Bi,  27,6%  Ti,  65,5%  0.  All  the  films  heat  treated  in 
air  up  to  a  temperature  of  SOO^C  for  the  period  of  time  up  to  60  minutes  wer^  found 
amorphous  to  X-ray.  The  films  heat  trx^ated  at  1909C  for  60  minutes  have  a  very  good 
surface  quality  (Fig. 10),  The  surface  of  samples  heat  treated  at  480^0  presa'its  however 


Fig.  10  SEM  micrograph  of  a  one- 
layer  TiCg-  Big.'',,  film  heat  treated 

'  C  C  vj 

at  190°C  during  60  minutes. 


Fig.  11  SEM  micrograph  os  a  one  layer 
Ti02-  Bi203  film  heat  treated  at  4809C 
dur'ing  60  min  showing  inhomogeneities 
and  pricipitates  on  the  surface. 
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some  inhomogeneities  with  cracks  near  the  edge  of  the  film  (Figure  11). 

XPS  analysis  was  performed  on  two  similar  samples.  Figure  12  shows  three  typ  - 
ical  survey  scans  obtained  with  a  film  heat  treated  at  190-C  during  60  minutes,  a) 
at  the  surface  (as  received),  o)  after  32  minutes  Ar  sputtering  (~  1/6  of  the  depth) 
c)  after  180  minutes  Ar  sputtering  at  the  beginning  of  the  interface.  All  the  peaks 
have  been  identified  and  the  recorded  spectra  show  the  presence  of  0,  Ti,  Bi,  C,  Na 
and  Si  (in  the  interface).  Detailed  analysis®  shows  that  the  sputtering  does  not 
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Fig.  12  XPS  survey  scans  of  a  one  layer  TiO^-Bi^O^  film  heat 
treated  in  air  at  190-C  during  60  minutes  and  recorded  a)  at 
the  surface  (as  received),  b)  after  32  minvites  Ar  sputtering 
(~  1/6  of  the  depth),  c)  after  180  minutes  sputtering  (beginning 
of  the  glass-layer  interface). 
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affect  the  0  1s  peak.  However  contrary  to  the  Ti02-Pb0  composition, the  Ti  2p  doublet 
is  affected  by  the  ions  and  reduced  Ti  features  are  observed  after  40  min  sputtering 
The  Bi  4  f  doublet  is  also  strongly  affected;  a  shoulder  appears  already  after  two 
minutes  sputtering  indicating  that  bismuth  has  been  reduced.  As  we  proceed  two 
doublets  are  observed  and  after  40  minutes  sputtering  the  reduced  form  is  the  domi¬ 
nant  one.  Na  and  C  are  only  observed  in  the  first  half  of  the  layer. 

Figure  13  shows  the  relative  concentration  of  the  observed  elements  determined  as 
a  function  of  the  sputtering  time  (depth).  Contrary  to  what  has  been  observed  with 
the  TiOo-PbO  composition,  C  arid  Na  appear  only  in  the  subsurface  of  the  film  together 
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Fig.  13  XPF  profiles  of  a  one  layer  TiCo-  BipOg  fil'i. 
heat  treated  in  air  at  190-C  during  60  minutes. 
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Fig.  14  XPS  survey  scan  of  a  one  alyer  Ti02-Bi203  heat  treated  in 
air  at  4802C  during  60  minutes  a)  surface  as  received,  b)  afte’^ 

12  minutes  Ar  sputtering  (~  1/4  of  the  depth),  c)  after  65,5  mi¬ 
nutes  sputtering  (beginning  of  a  glass-layer  interface). 

with  a  relatively  large  depletion  of  Ti.  Beyond  60  minutes  sputtering  (~  1/3  of  '•‘he 
depth)  the  titanium  concentration  is  constant  but  much  higher  than  expected.  The 
concentration  of  bismuth  is  relatively  constant  through  the  layer  but  is  much  lower 
than  expected  (4%  instead  of  6,9%).  Both  effects  strongly  affect  the  Bi/Ti  ratio  pro¬ 
file  which  is  not  constant  through  the  layer  and  much  lower  than  expected  (original¬ 
ly  0,25  ).The  reason  for  the  low  incorporation  of  Bi  is  not  clear  as  we  do  not  have  da¬ 
ta  on  dried  sample  at  room  temperature  v/ithout  heat  treatment.  Hov/ev<=r  as  we  shall 
see  below,  Bi  like  Pb  (or  their  oxides)  volatilizes  during  the  heat  treatment  and 
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this  effect  is  already  well  pronounced  for  bismuth  at  ISO^C. 

Figure  14  shows  three  typical  XPS  scans  of  a  similar  sample  heat  treated  at 
480^0  during  60  minutes  and  recorded  a)  at  the  surface  (as  received),  b)  after  12,5 
Ar  sputtering  (~  1/4  of  the  depth),  c)  after  65,5  minutes  sputtering  (in  the  inter¬ 
face  glass-layer).  The  behavior  of  the  0  Is  peak  is  similar  to  what  has  been  ob¬ 
served  in  the  Ti02-Pb0  compositions.  The  peak  is  not  affected  throughout  the  layer 
but  a  smal''  ‘^^houlder  appears  toward  higher  BE  when  the  interface  is  reached.  This 
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Fig.  15  XPS  profiles  of  a  one  layer  Ti02-bi202  film  heat 
treated  in  air  at  480^0  during  60  minutes  (left  scale).  The 
ratio  Bi/Ti  is  shown  as  a  broken  line  (right  scale). 


SPIE  Vol  1328  Sol  GpI  Optics  (1990, 


feature  is  attributed  to  oxygen  in  the  glass  substrate. 

The  results  on  Ti  are  also  similar.  We  observe  a  broadening  of  the  2  p  peaks  and 
the  appearence  of  a  shoulder.  A  new  doublet  was  never  observed.  The  Bi  behaviour  is 
interesting.  A  shoulder  at  lower  BE  values  of  the  4  f  doublet  is  already  seen  at  the 
surface.  It  indicates  the  presence  of  a  lower  oxidation  state  even  withiout  sputter¬ 
ing.  Sputtering  enhances  this  feature.  After  3,5  minutes  sputtering  the  high  and 
low  BE  doublet  are  of  almost  equal  intensity  and  after  6,5  minutes  the  lower  BE 
doublet  become  dominant.  At  the  interface  we  observe  Si  2  p  and  Si  2s  as  a  shoulder 
of  the  BI  4  f  7/2  peak.  C  is  only  observed  at  the  surface  while  a  low  concentration 
of  Na  appears  now  throughout  the  layer. 

Figure  15  shows  the  profile  of  all  the  elements.  The  most  important  result  of 
this  figure  is  the  depth  variation  of  the  Bi/Ti  ratio  which  clearly  indicates  that 
Ti  is  strongly  depleted  at  the  surface  and  that  Bi  has  continued  to  evaporate.  Its 
overall  concentration  is  now  of  the  order  of  ~  2%  (originally  6,9%) .  The  preparation 
of  stoechiometric  thin  film  compound  in  the  TI02-Bi203  system  may  therefore  be  very 
difficult. 

The  SIMS  measurements  performed  in  the  same  condition  as  that  of  figure  8  are 
shown  in  figure  16  and  confirm  these  results.  The  intensity  of  Ti ,  Na  and  0  curves 
are  practically  identical  to  those  obtained  for  films  of  Ti02-Pb0  composition  but 
the  carbon  concentration  (not  shown  in  the  figure)  is  a  factor  2  to  5  smaller.  The 
concentration  of  the  elements  is  constant  beyond  the  subsurface.  The  interface 
glass-layer  appears  however  thinner. 

SEM-EDX  measurements  indicate  that  the  2-d  repartition  of  li,  0,  Bi ,  Na  is  uni¬ 
form  and  homogeneous. 

3.3.  Films  of  Ti02-Ce02  composition 


Ti02-Ce02  composition  is  particularly  important  for  the  realization  of  counter 
electrode  for  electrochromic  devices  and  their  optical  and  electrochemical  behaviour 
have  been  reported  Figure  17  shows  XFtD  characterization  of  a  three  layer 

Csq  5TiQ  5O2  film  heat  treated  at  5205C  during  30  minutes.  The  film  is  essentially 
amorphous  to  X-ray  but  broad  peaks  are  superimposed.  The  identification  of  this 
structure  is  difficult;  the  position  of  the  peaks  seems  however  compatible  with  the 
presence  of  a  small  ceria  crystallites. 

Figure  18  shows  SIMS  profiles  for  Ti ,  Ce,  Na,  0,  Sn^^®  and  In  for  a  two  layer 
TiQ  gCeQ  film  deposited  on  an  ITO  coating  and  heat  treated  at  420-Tl  during  15 
minutes.  Comparing  the  intensity  of  the  curves  with  those  obtained  previously  under 
identical  experimental  conditions  vie  see  that  the  oxygen  level  is  identical  .and  that 
the  titanium  counts  are  smaller  indicating  that  cerium  has  substituted  these  ions  in 
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higher  amount  than  bismuth  and  lead  and  probably  has  not  suffered  volatilization 
effect.  Sodium  counts  are  a  factor  four  lower  indicating  that  the  ITO  baivier  has 
impeded  its  diffusion  from  the  substrate.  It  appears  in  this  film  as  an  atmospheric 
contamination  brought  about  during  the  manipulation  and  heat  treatment.  XPS  measure 
ments  have  not  yet  being  done. 


in' 

(100) 


200 

(32) 


220 

(52) 


Fig.  17  XRD  diffractogram  of  TiO^-CeO^ filmheat  treated 
at  520°C  during  30  minutes.  The  vertical  marks  indicate 
the  position  of  the  first  four  lines  of  crystalline  CeO^ 
as  well  as  their  hkl  and  relative  intensity  values. 
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Fig.  18  SIMS  profiles  of  Ti,  Ce,  Na,  0,  In  and  118  Sn 
of  a  2  layer  Ti^  ^^2  film  deposited  on  ITO  coated 
glass  substrate  ^d  heat  treated  at  420^0  during  15  mi¬ 
nutes. 


4.  CONCLUSIONS 


The  structure,  texture  and  2  d  and  depth  profile  chemical  composition  of  thin 
films  of  Ti02-Pb0,  Ti02-Bi20  and  Ti02-Ce02  compositions  prepared  by  sol-gel  meth¬ 
ods  and  deposited  by  dip  coating  process  have  been  examined  by  XRD,  SEM,  DEM-EDX, 
XPS  and  SIMS  techniques.  For  heat  treatment  up  to  SOO^C  during  60  minutes  the 
films  were  found  amorphous  to  X-ray  except  those  of  Ti02-Ce02  composition  which 
show  the  presence  of  very  small  crystallites  of  Ceria  (Ce02).  Their  texture  ob¬ 
served  by  SEM  was  found  uniform  except  on  the  edge  of  the  coatings  where  cracks 

and  poxes  appeared.  2  D  SEM-EDX  analyse  indicate  a  homogeneous  repartition  of  all 
the  main  elements  even  under  high  magnification  (560000x) .  The  depth  profiles  meas¬ 
ured  by  XPS  in  TiOp-PbO  and  Ti02-Bi203  films  show  that  the  subsurface  (~  10  to 
15  nm)  has  a  different  composition  of  that  of  the  bulk  layer.  We  observe  a  deple¬ 
tion  of  Ti  and  a  segregation  of  Pb  and  Bi  so  tha':  the  ratios  Pb/Ti  and  Bi/Ti  de¬ 
crease  with  the  distance  from  the  film  surface. 

Moreover  the  concentration  of  Pb  and  Bi  beyond  the  subsurface  is  lower  than  ex¬ 
pected  indicating  that  these  elements  evaporate  during  the  heat  treatment  of  densi- 
fication.  This  behaviour  is  already  observed  for  treatment  at  200-C/60  minutes  but 
is  more  pronounced  at  SOO^C/SO  minutes.  The  subsurface  is  also  strongly  contami¬ 
nated  by  carbon.  These  important  results  show  that  the  realization  of  multiconpo- 
nent  thin  film  of  definite  stoechiometric  composition  in  the  Ti02  -  PbO  and 
Ti02-Bi202  may  be  difficult.  Other  compositions  envoi ving  low  vapor  pressure 
oxide  like  BaO,  etc  are  likely  to  present  the  same  phenomena;  this  may  ex¬ 
plain  in  part  the  low  ferroelectric  performance  obtained  on  BaTiO^  films  ^2,13^ 
Multilayer  films  present  homogeneous  composition  beyond  the  subsurface  and  no  sub¬ 
surface  effects  are  observed  at  the  layers  interfaces.  In  particular  no  atmospho'ic 
carbon  is  detected  at  these  interfaces  although  each  layer  has  been  densified  sep¬ 
arately. 

Interesting  results  have  also  been  found  relatively  to  the  interaction  of  Ar  ion 
beam,  with  these  sc'!  id  surfaces.  It  is  known  that  ion  beam  treatment  may  change  the 
chemical  nature  of  the  surface  to  be  examined.  Reduction  of  lead,  bismuth  and  ti¬ 
tanium  have  been  observed  in  all  densified  samples  heat  treated  at  BOO^C,  In  par¬ 
tly  densified  samples  heat  treated  at  lUO^C  the  effect  is  only  observed  for  lead 
and  bi.smuth  but  the  2p  titanium  peaks  were  not  affected  by  the  beam.. 

It  is  accepted  that  the  ion-induced  chemical  damiage  is  due  to  preferential 
sputtering  of  the  oxygen  from  the  oxide  matrix  and  atomic  rearrangement.  Models 
based  on  a  Sigjnund's  classification  of  sputtering  events  and  sputtering  yield  equa¬ 
tion  have  been  developed  by  Malherbe^^  using  a  collisional  approach  in  which  both 
mass  and  bonding  effects  of  the  binary  components  are  incorporated  and  by  Kelly"^ 
using  a  thermal  appioeach  in  v%hich  chemical  binding  is  presumed  to  be  th(^  dominant 
factor.  A  more  detailc'd  analysis  of  Lhe.se  porous  and  densified  samples^  may  there- 
fote  bring  valuable  indications  on  the  viability  of  these  models. 
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ABSTRACT 

The  sol-gel  method  using  lithium  anti  boron-ti-tributoxide  as  starting  materials  has 
been  applied  to  prepare  [128407  coating  films  on  silica  glass,  silicon  and  sapphire 
single  crystal  substrates.  The  effects  of  the  amounts  of  water  and  acid  added  to 
coating  solutions,  and  the  kinds  of  substrate  on  the  crystallization  of  LI2B4O7  coat¬ 
ing  films  were  fully  investigated.  It  was  found  that  a  sufficient  amount  of  water  is 
required  for  obtaining  well-crystallized  Li2B407  films  of  single  phase,  the  addition 
of  acids  such  as  hydrochloric  and  acetic  acids  to  the  coating  solution  suppresses 
crystallization  up  to  600°C  and  gives  highly  oriented  Li2B407  single  phase  films  on 
further  heating  at  SOQOC. 


1 . INTRODUCTION 


Recently,  there  have  been  increasing  applications  of  the  sol-gel  method  to  the 
preparation  of  various  functional  thin  coating  films. This  is  probably  due  to 
the  facts  that  this  method  has  several  advantages  over  other  ones  sucii  as  CVD,  sput¬ 
tering  and  spray  pyrolysis: 

1)  Any  special  apparatuses  are  not  required  for  film  formation. 

2)  Homogeneous  multicomponent  oxide  films,  even  with  exactly  stoichiometric,  can  be 
obtained,  because  an  intimate  mixing  is  achieved  in  a  liquid  state, 

3)  A  large  size  of  coating  films  can  be  easily  obtained  by  dip-  or  spin-coating  tech- 
n ique . 

4)  Films  with  highly  porous  structure  inherent  in  a  gel  can  be  obtained.  The  porous 
structure  may  disappear  on  heating.  In  some  cases,  it  remains  after  heat-treat 
ment  if  an  appropriate  heating  condition  is  adopted. 

5)  Films  of  a  metastable  phase  may  be  obtained,  since  low  temperature  synthesis  is 
possible , 

In  the  present  study,  the  sol-gel  method  has  been  applied  to  the  preparation  of 
Li2B407  films  which  art'  promising  materials  for  surface  acoustic  (SAUO  deviccs^'^, 
and  thermally  stimulated  exoelcctron  emission  dosimeter  (TSFJiD)  and  thermally  stimu¬ 
lated  luminescence  dosimeter  The  present  paper  deals  with  the  effects  of 

the  addition  of  water^*^  and  acid^*’^8  (^[^0  coating  solution,  and  the  kinds  of  sub¬ 

strate  on  the  nature  of  the'  sol-gel  derived  Li2B407  coating  films. 

2.EXPERIMEJrrAL 


Coating  solutions  were  prepared  by  hydrolyzing  lithium  methoxide,  LiOCHg  and 
boron  tr i-n-butoxide ,  BCOC^llg)^.  Lithium  methoxide  was  synthesized  by  dissolving 
lithium  metal  in  methanol  at  temperature  of  0  to  2''’C.  8(06.4119)3  was  added  to  the 
resultant  transparent  LiOCHg  methanol  solution  with  a  syringe  at  a  rate  of  lOml/min 
at  20'’C.  The  solution  was  stirred  at  40‘'’C  until  it  became  transparent,  and  then 
diluted  to  a  concentration  of  0.4M  LiOCHg  and  0,8M  8(064119)3  with  methanol.  All  the 
procedures  were  carried  out  in  a  dry  nitrogen  atmosphere.  Then,  various  amounts  of 
water  for  hydrolysis  were  added  to  the  solution  in  air  to  form  a  coating  solution. 
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In  some  cases,  an  acid  was  added  Lo  the  solution,  _ 

Silica  glass,  Si  (100),  (110)  and  (111)  single  cryslal  and  sapphire  (1102)  single 
crystal  plates  were  used  as  substrates.  Li2B407  thin  gel  films  were  formed  on  sub¬ 
strates  by  dip-coating.  The  substrates  were  immersed  in  ii  coating  solution,  with¬ 
drawn  at  a  fixed  speed  and  dried  at  200^C  for  lOmin.  This  procedure  was  repeated 
until  the  desired  film  thickness  was  attained.  The  films  thus  obtained  were  subject¬ 
ed  to  post-heat  treatment  at  a  given  temperature  between  450  to  800*^0  for  30  and 
60min.  In  order  to  check  the  effect  of  film  thickness  on  the  crystallization,  thick 
films  of  about  0.5  mm  in  thickness  were  prepared  by  spreading  a  drop  of  coating  solu¬ 
tion  on  the  commercial  slide  glasses  and  heat-treated  at  temjieratures  between  200  and 
550‘-'C  for  30  min. 

The  crystallization  behavior  of  the  iis-prepared  gel  films  was  monitoreii  by  an  X- 
ray  thin  film  diffractometer  of  Rigaku  Denki  model  RINT-1400.  Transmission  spectra 
were  recorded  using  a  L'V-visibh'  spectrophotometer  of  Hitachi  motlel  624.  Surface 
structure  was  observed  with  a  scanning  electron  microscope  of  Hitachi  model  S-450. 

3. RESULTS 

3.1.  Effects  of  water 

Fig.l  a-d  show  the  X-ray  diffraction  patterns  of  Li2B407  coating  films,  3.5uni 
thick,  formed  on  silica  glass  substrates  from  the  coating  solutions  with  different 
amounts  of  water  and  pcjst-heated  at  450,  500,  550  and  GOO'-’C,  respectively,  for  30niin. 

in  the  figures  represents  the  molar  rtitio  of  water  to  the  total  alkoxides.  It  can 
be  said  from  these  figures  that  for  Rw=0  gel  films  do  not  crystallize  below  500'^C, 
but  for  R^^.=  1.6  they  do  even  at  450'-*C,  and  for  smaller  amounts  of  water  than  Rvv=1.2 
the  side-products  such  c.is  LiCOOll'HgO  and  Ot-Li4B203  are  formed  in  addititm  to  Li2B407 
phase . 

Fig. 2  a-d  show  the  ScM  photographs  of  some'  of  the  samples  shown  in  Fig.l.  For 
Rv,,=0  the  films  which  were'  not  well  crystallized  have'  a  relatively  smooth  and  glassy 
surface.  On  the  contrary,  for  R^^.=  l.6  they  liave  a  well  developed  particulate  ami  very 
porous  surface  structure. 

3. 2.  Effects  of  film  thickness 


In  order  to  check  the  efff'cts  of  film  thickness  on  the  crvstal  M  zat  ion  behavior, 
thicker  films  of  about  O.amni  in  thickness  were  prepared  bv  spreading  a  drop  of  coat¬ 
ing  solution  with  R^^=0.2  on  t  lie  slide  glasses  and  heat-treated  at  temperatures  of  200 
to  aOO'-’C  for  30min.  Their  X-ray  diffract  ion  pattc'rns  arx'  shown  in  Fig. 3.  In  this 
case,  crystallization  begins  at  2  )0'’(!,  which  is  much  lower  compared  with  the  mist'  for 
the  thin  films  shown  in  Fig.l.  Tht'refori',  one  can  sav  that  thin  films  have'  a  higher 
resistance  .igainst  (  ryst  a  1  1  i  za  t  i  on  than  thick  films  do. 

3. 3. Effect  of  acid 


Fig. 4  shows  the  optical  transmission  spectra  of  LiglHOy  films  formed  on  the  sili¬ 
ca  glass  substrates  from  the  coating  solutions  with  K\,=2.4,  and  diflCrent  anmurUs  and 
kinds  of  acid.  fhe  l,i2B407  film  prepared  from  the  coating  solution  without  acid  h.is 
a  very  low  transmittance  less  than  20%.  On  the  other  hand,  when  an  acid  such  as 
acetic,  hydrochloric  arui  nitric  acids  is  added  to  the  (fiating  solution,  tlie  transmit¬ 
tance  of  Li2B4()7  films  is  markc'dlv  improved  up  to  more  than  80%.  Ry,  R]|  and  Ry:  in 
the  figure  represent  the  molar  ratios  ot  ac'et  ie,  hvdrfich  lor  i  c  iind  nitric  acids,  res¬ 
pect  ivelv,  to  the  sum  of  LiOCHg  ami  8(064119)3. 

The  SEM  photographs  of  1028407  films  which  were  formeil  on  Si  (100)  single  (  rvstal 
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Fig.l,  X-ra,  a Lf fraction  patterns 
silica  glasses  heated  at  (a)  4a0‘’( 
Rw  ranging  from  0  to  1.6. 
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Fig. 3.  X-ray  diffraction  patterns  of 
Li2B407  thick  films  of  0,5mm  in  thick¬ 
ness  on  the  slide  glasses  heated  at 
various  temperatures  from  200'^’C  to  550 
®C.  Rw  defined  as  the  mole  ratio  of 
[H20]/([LiOCH3]+3[B(OC4H9)3])  is  fixed 
at  0.2, 


Optical  transmission  spectra  of 
0126^07  films  on  silica  glasses  which 
were  heated  at  5500C.  The  number  of 
applications  is  8  except  the  bottom 
curve  for  which  it  is  4,  the  speed  of 
withdrawing  10  cm/min  and  Rw  2.4.  From 
the  top  to  downward,  the  acid  contents 
in  the  solution  are  as  follows;  silica 
glass  only,  Ra=2.3,  Rh=0.6,  Rn=0.6,  Ra 
=0.3,  and  without  acid. 


substrates  and  post-heated  at  550oc  for  30min  are  shown  in  Fig. 5  and  6.  In  the  films 

can^hr'  "dthout  acid,  particles  of  about  lum  in  diameter 

0  02  ir  iiddition  of  a  small  amount  of  acetic  acid  of  Ra= 

ture  ct  L  V  "c  !^A=2.3  no  such  partxculate  struc- 

iTloTn  L.  f  is  very  smooth.  This  is  also  the  case  for  the 

2  47  _  1ms  from  the  coating  solutions  containing  other  acids  as  shown  in  Fig. 6 
rig. 7  shows  X  ray  diffraction  patterns  of  the  1136407  films  whose  SEM  photographs 
are  shown  in  Fig  1  a-c .  For  Ra=0  and  0.02  the  ditfractlon  peaks  due  to  UoBiOy  can 
.cen,  while  for  Ra~2.3  no  peaks  are  found,  indicating  that  the  films  \rom  the 
aOd'of  amorphous.  Similarly,  the  addition  of  hydrochloric 

phous  mml"”"  "  -  the  formation  of  amo" 
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Vt'c.h.  Scniuling  eleiLrori  m  i  r  r()t;r;iph.s  <>l  (tj.'jLint)  films  on  silicon  (100)  substrate's 
hcafrcl  at  Ihc  numbf'r  ol  applicat  ions  is  8,  Lhc'  spoc'cl  of  withdrawing  10  cm/min 

and  Rw  2.4.  The  id  contents  in  the  solutions  arc  as  tollovvs:  (a)R[]=0.2.  (b)R[]=0.f), 
(<  )R(i=l  .  ^  and  f  d  ) Rx=f I .  f, . 


3.4.HiRhly  oriented  coating  films 

Next,  crystallization  behavior  of  the 
amorphous  films  was  investigated.  Fig. 8 
shows  the  variation  of  X-ray  diffraction 
patterns,  when  Li2B407  films  formed  on  Si 
(100)  from  the  coating  solutions  with 
2.4  and  R^=2.3  and  heated  at  600^0  for  30 
min  were  further  heated  at  800^^0  for  60min 
in  nitrogen  atmosphere.  It  is  interesting 
to  note  that  a  strong  peak  due  to  (244) 
and  a  small  one  due  to  (235)  planes  of 
0128407  appear  although  the  formation  a- 
quartz  takes  place  due  to  the  oxidation  of 
silicon  substrate.  This  clearly  indicates 
that  the  0128407  crystals  are  highly  ori¬ 
ented  in  the  films.  The  degree  of  orien¬ 
tation  along  (122)  plane  estimated  by  the 
method  of  OotgeringFo  is  0.81. 

Fig. 9  shows  the  X-ray  diffraction 
patterns  of  the  0128407  films  formed  on  Si 
(100)  from  the  coating  solutions  contain¬ 
ing  hydrochloric  acid  of  Rii=1.3.  In  this 
case,  only  a  peak  due  to  (244)  plane  can 
be  seen,  although  the  peak  intensity  is 
slightly  lower  compared  with  the  case 
where  acetic  acid  is  added.  The  degree  of 
orientation  along  (122)  plane  is  0.80, 

Much  higher  degrees  of  orientation  were  observed  for  the  films  from  the  coating 
solutions  containing  acetic  and  hydrochloric  acids  as  shown  in  Fig. 9  a  and  b,  when 
Si(lll)  substrates  were  used.  For  both  cases,  the  degree  of  orientation  along  (122) 
plane  is  as  high  as  0.98.  However,  the  formation  of  a-quartz  is  observed  at  the  same 
time. 

Tn  Fig. 10  the  X-ray  diffraction  patterns  of  the  8128407  films  which  were  prepared 
from  the  coating  solutions  with  Rii=0,3  and  post-heated  at  600°C  are  shown.  In  this 
case  any  other  peaks  than  (244)  plane  cannot  be  observed  and  the  degree  of  orienta¬ 
tion  is  0.99.  That  is,  lowering  heating  temperature  and  acid  content  of  the  coating 
solution  effectively  suppresses  the  formation  of  a-quartz  and  at  the  same  time  im¬ 
proves  the  degree  of  orientation. 

k  similar  behavior  was  also  observed  when  Si(lOO)  substrates  were  used.  In  this 
case,  however,  the  preferentially  oriented  plane  is  not  (244)  but  (235).  The  results 
for  sapphire  (1102)  substrate  is  shown  in  Fig. 11.  Both  (244)  and  (235)  planes  are 
preferentially  oriented.  Their  degrees  of  orientation  are  0.74  and  0.25,  respective¬ 
ly,  which  are  not  so  good  as  the  case  for  Si. 

4. DISCUSSION 

4.1. Role  of  water 

It  has  been  found  that  the  addition  of  a  sufficient  amount  of  water  to  the  coat¬ 
ing  solution  for  hydrolysis  promotes  the  crystallization  of  8128407  gel  films  without 
the  formation  of  the  side-products  such  as  8iC00H*H20  and  a-8i4B205  phases.  8i2B407 
crystal  is  known  to  consist  of  three-dimensionally  linked  diborate  groups. There¬ 
fore,  it  is  reasonable  to  assume  that  the  addition  of  a  sufficient  amount  of  water  to 
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Fig. 7,  X-ray  diffraction  patterns  of  the 
coating  films  heated  at  550°C.  The 
content  of  acetic  acid  in  the  solutions 
are  as  follows:  (a)  0,  (b)  R/^=2.0xlO"2 
and  (c)  8^=2. 3. 
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Fig. 8.  X-ray  diffractioa  patterns  of  Li2B40'7  films  on  silicon  (100)  heat-treated  at 
600OC  and  SOQOC.  The  number  of  applications  is  15  and  the  speed  of  withdrawing  is  60 
cm/min.  Rw  is  fixed  at  2.4  and  (a)  =  [CH3C00H]/( [ Li0CH3 ]+[ B(0C4Hg)3 ] )  is  fixed  at 
2.3  and  (b)  Rh  =  [HCl ]/([ Li0CH3 ]+[ 6(00489)3 ] )  at  1.3. 


Si(lll)  Rw=2.4 
RA  =  2  3 


30cm/  min(15) 


o  1126407 
• a-quartz 


800°C 


30cm/min(t5) 


600°C 
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30  40 
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Fig. 9.  X-ray  diffraction  patterns  of  l-.i2B407  films  on  silicon  (111)  heat-treated  at 
600'^C  and  SCXTC.  The  number  of  applications  is  15  and  the  speed  of  withdrawing  is  30 
cm/min.  (a)  acetic  acid  and  (b)  hydrochloric  acid.  Rw,  R^  an^i  Rp  are  fixed  at  2.4, 
2.3  and  1.3,  respec t ivel v . 
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26 /deg (CuK*) 


Fig. 10.  X-ray  diffraction  patterns  of  Fig. 11.  X-ray  diffraction  patterns  of 

Li2B407  films  on  silicon  (111)  heat-treat-  Li2R407  films  on  sapphire  (1102)  heat¬ 
ed  at  600^0.  The  number  of  applications  treated  at  600°C.  The  number  of  applica- 

is  15  and  the  speed  of  withdrawing  is  60  tions  is  15  and  the  speed  of  withdrawing 

cm/min.  Rw  and  Rh  are  fixed  at  2.4  and  is  60  cm/min.  Rw  and  Rh  are  fixed  at  2.4 

0.3,  respectively.  and  0.3,  respectively. 

the  alkoxide  solution  may  result  in  the  formation  of  di borate  groups  whose  negative 
charges  are  compensated  by  Li"*"  ions.  The  presence  of  4-coordinated  boron  in  a  sol 
was  confirmed  by  means  of  NMR  by  Brinker  et  al.^^  Although  they  claimed  that 

water/alkoxide  ratios  greater  than  0.4  often  resulted  in  precipitaion  of  boric  acid, 
in  the  present  study  water  in  the  ratios  up  to  1.6  and  2.4  without  and  with  the  addi¬ 
tion  of  acid,  respectively,  could  be  successfully  introduced  in  sols.  Weinberg  et 
al.^^  reported  that  lithium  borate  gels  heated  at  450^0  are  still  amorphous.  This 
can  be  explicable  by  insufficient  amounts  of  water  added  for  hydrolysis. 

B(0C4Hg)3  is  a  very  volatile  substance.  Therefore,  unless  a  sufficient  amount  of 
water  is  added  to  the  alkoxide  solution  for  hydrolysis,  unhydrolyzed  B(0C4H9)3  may 
evaporate  on  drying  and  heating,  causing  the  deficiency  of  B(OC4Hg)3  component  in  the 
gel  film.  This,  in  turn,  may  lead  to  the  formation  of  the  side-products  such  as 
LiC00H-H20  and  a-LiAB205  phases  due  to  the  lack  of  boron  content. 

Brinker  et  al.^^  also  pointed  out  that  excess  alcohol  or  water  breaks  =B-0-B= 
bonds  and  prevents  gelation  according  to  the  reaction, 

(R)H-O-H  0H(R)  oh 

I  I 

[^B-O-B'  =  B  +  B 
/  \  /  \ 

However,  as  found  in  the  present  study,  the  addition  of  water  of  more  than  1.6  in  the 
molar  ratio  to  the  total  alkoxidcs  is  required  to  avoid  the  vaporization  loss  of 
boron  alkoxide  and  the  precipitation  of  the  side-products. 

4, 2. Role  of  acid 
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The  addition  of  acid  to  the  coating  solution  has  been  found  to  suppress  the 
crystallization  of  Li2B407  gel  films  to  a  considerable  extent,  the  effect  of  which  is 
completely  different  from  water.  As  is  well-known,  boric  acid  is  in  equilibrium  with 
tetrahedral  B(0H)4~  in  aqueous  solution  as  follows, 

B(0H)3  +  H2O  =  H+  +  6(011)4-  pK=9.00 

At  boron  concentrations  greater  than  about  0.02'5M  and  pH  values  between  8  and  10, 
poly  borate  species  become  important,  for  example, 

3B(0H)3  =  H+  +  [6303(0104]-  +  2H2O  pK=6.84 

and 

2B(0H)3  +  6(011)4-  =  [6303(06)4]-  +  3H2O  pK=2.15. 

The  former  two  equations  suggest  that  the  addition  of  acid  to  the  solution  shifts  the 
equilibrium  of  the  last  equation  towards  the  left,  leading  to  the  depolymerization  of 
polyborate  species  containing  tetrahedral  boron  species.  Therefore,  the  crystalliza¬ 
tion  of  Li2B407  gel  films  is  suppressed  and  the  films  remain  amorphous  up  to  a  higher 
temperature  of  600“C. 

4. 3. Crystal  growth  with  preferred  orientation 

It  is  very  interesting  to  note  that  the  suppression  of  the  crystallization  of 
Li2B407  gel  films  is  rather  favorable  for  crystal  growth  with  preferred  orientation. 
The  epitaxial  crystal  growth  of  6136407  gel  films  on  the  silicon  and  sapphire  single 
crystal  substrates  becomes  possible  since  the  crystal  growth  proceeds  very  slowly  via 
amorphous  state. 

In  the  separate  paper^^^  t.hc  reason  for  the  preferential  crystal  growth  along 
6136407  (122)  plane  both  on  the  Si  (100)  and  (111)  substrates  is  discussed  in  detail 
based  on  the  lattice  mismatch  between  the  6136407  (100),  (001)  and  (122),  and  the  Si 
(100)  and  (111)  planes.  Since  there  is  not  significant  difference  in  the  lattice 
mismatch  between  them,  it  is  concluded  th -t  the  preferred  orientation  along  6136407 
(122)  plane  without  respect  to  the  plane  of  the  substrate  is  possibly  ascribed  to  the 
smaller  number  of  oxygen  atoms  in  the  (122)  plane  of  6136407  involved  in  the  lattice 
matching  to  minimize  the  lattice  distortion  energy  between  the  6136407  film  and  the 
Si  substrate.  The  crystal  growth  along  6136407  (122)  plane  is  also  observed  for  the 
sapphire  (1102)  substrate  in  the  present  study  as  shown  in  Fig. 11,  the  oxygen  atom 
arrangement  of  which  is  very  different  from  that  of  Si  (100)  and  (111).  This  experi¬ 
mental  fact  also  supports  the  previous  c  (inclusion. 

On  the  other  hand,  Hirano  and  Katci^^  repcirted  that  the  sol-gel  derived  TiNbOg 
films  with  preferred  orientaion  are  formed  <in  sapphire  single  crystals,  but  not  on 
Si.  In  this  case,  the  preferntial  crystal  growth  takes  plac('  along  the  oxygen  clos¬ 
est  packing  differing  from  the  present  result  for  the  6136407  films. 
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ABSTRACT 


Ferroelectric  thin  films  including  undoped  and  doped  PZT  (lead  zirconate  titanate),  BaTi03 
(barium  titanate),  SBN  (strontium  barium  niobate),  KNb03  (potassium  niobate),  PBN  (lead  barium 
niobate),  KNSBN  (potassium  sodium  strontium  barium  niobate),  and  LiNb03  (lithium  niobate)  were 
made  on  silicon  and  fused  silica  substrates  by  a  sol-gel  process.  A  heterojunction  effect  was  observed 
in  ferroelectric  thin  films  on  both  n-silicon  and  p-silicon  through  measurement  of  I-V  characteristics, 
and  by  the  demonstration  of  a  photocurrent  effect.  Transparent  and  preferentially  orientated  SBN  thin 
films  on  fused  silica  substrates  can  be  obtained  by  applying  a  d.c.  electric  field  during  heat  treatment. 
The  films  have  structral  and  optical  anisotropies  as  well  as  photorefractive  properties.  Two-wave 
mixing  experiment  was  demonstrated  by  using  these  films  and  a  maxmum  holographic  efficiency  of 
near  1  %  was  obtained. 


1.  INTRODUCTION 


In  the  past  twenty  years  ferroelectric  thin  films  have  been  extensively  studied.  Many  applications, 
including  piezoelectric  or  electro-acoustic  transducers, high  frequency  surface  acoustic  wave 
devices,^  pyroelectric  infrared  detectors,^*^  ferroelectric  memory  cells, ferroelectric-photoconductive 
displays, ^  *2  optical  modulators, ferroelectric  gate  (field  effect  transistor’s),  and  "MIST” 
(metal/insulatoi/semiconductor  transistor)  devices,  etc.  have  been  studied  in  the  past. 

Many  thin  film  fabrication  techniques,  such  as  evaporation,  sputtering,  epitaxial  deposition, 
chemical  vapor  deposition  (CVD)  and  sol-gel  processing,  have  been  used  to  make  ferroelectric  thin 

films  on  various  substrates.  1^’U 

The  ferroelectric  thin  films  studied  in  this  work  were  made  by  a  sol-gel  process.  The  advantages 
of  the  sol -gel  processing  technique  are  good  homogeneity,  ease  of  composition  control,  low  sintering 
temperature  (about  50%  of  that  of  corresponding  ceramics)  and  the  ability  to  fabricate  thin  films  of  large 
areas. In  our  laboratory,  ferroelectric  thin  films  (PZT,  BaTi03,  SBN,  KNb03,  PBN,  KNSBN, 
and  LiNb03)  on  fused  silica,  single  crystal  silicon  and  GaAs  substrates  were  fabricated  by  the  sol-gel 
technique  and  studied. 
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2.FABRICATION  OF  FERROELECTRIC  THIN  FILMS 

Ferroelectric  thin  films  studied  were  fabricated  by  the  sol-gel  method.  Homogeneous  .solutions 
were  prepared  by  mixing  the  metal  alkoxides  in  appropriate  compositions.  After  evaporation  and 
hydrolysis  accompanied  with  polycondensation,  when  the  solution  viscosity  reaches  a  desired  value, 
direct  dipping  and  spin-on  techniques  were  used  to  form  thin  films  of  gel  on  fused  silica  plates,  silicon 
wafers  [n-type  (111)  wafer  with  a  resistivity  of  0.005  -  0.025  ohm-cm  and  p-type  (111)  wafer  with  a 
resistivity  of  0.010  -  0.020  ohm-cm]  or  GaAs  wafers.  The  films  were  then  dried  and  heat  treated  in  air. 
Heat  treatment  temperatures  and  times  employed  for  these  ferroelectric  thin  films  were  500  °C  to  850  °C 
and  0.5  to  1  hour,  respectively.  When  final  heat  treatment  was  finished,  the  average  film  thickness  for 
one  single  dipping  was  estimated  to  be  arround  1000  A.  Thicker  films  may  be  obtained  by  multiple 
dipping  and  heat  treatment.  Films  used  in  electrical  conduction  measurements  were  from  0.17  to  1.1 
pm  in  thickness.  The  thickness  of  the  film  was  determined  from  SEM  micrograph  of  the  polished  cross 
section  of  the  film. 

For  electrical  measurements,  electrodes  on  ferroelectric  films  were  made  by  sputtering  gold  or 
evaporating  aluminum  thin  films  onto  the  corresponding  surface.  The  other  electrode  was  the  silicon 
substrate.  A  metal  /  ferroelectric  film  /  Si  sandwich  structure  was  thus  fomied. 

Transparent  ferroelectric  films  (SBN,  KNSBN,  and  LiNb03)  were  also  deposited  on  fused  silica 
substrates  for  studying  microstructure  and  optical  propenies.  Symmetric  ferroelectric  hysteresis  loops 
were  observed  in  these  thin  films  by  using  a  pair  of  parallel  Au-electrodes  sputtered  on  the  surface  of 
the  film.  Microstructures  of  these  thin  films  were  observed  by  microscopy  and  X-ray  diffraction.  For 
example,the  SEM  micrograph  of  the  surface  of  a  SrQ(3()Ba{)  4QNb205  thin  films  (0.8  pm  thickness,  heat 
treatment  at  750  °C/  1  hr.)  with  the  dimensions  of  the  grains  are  from  0.3  to  0.8  pm  was  obtained.  By 
using  polarized  light,  ferroelectric  domain  patterns  were  revealed  and  the  regions  of  unifonn  and 
homogeneous  spontaneous  electrical  polarization  between  several  grains  can  be  observed. 

A  preferentially  orientated  SBN  thin  film  on  a  fused  .silica  substrate  can  be  formed  by  applying  a 
d.c.  electric  field  (about  1  kV/mm)  parallel  to  the  surface  of  the  film  during  heat  treatment.  Diffractive 
intensity  of  lines  which  have  low  Miller  indices  on  c-axis,  such  as  (130),  (620),  (121),  (131),  etc.,  are 
strongly  enhanced  as  shown  in  Fig.  1.  This  resuF  indicates  that  lattice  planes  (130),  (620),  (121), 
(131),  etc.  were  parallel  to  the  surface  of  the  substrate  and  the  c-axes  in  the  grains  have  preferred 
orientation  parallel  (or  netirly  parallel)  to  the  direction  of  the  applied  d.c.  field. 

The  optical  anisotrophy  of  the  preferentially  orientated  SBN  film  on  fused  silica  substrate  was 
measured  by  putting  the  SBN  film  between  a  detector  and  a  rotatable  polarizer  which  w'as  in  the  front  of 
a  He-Ne  laser.  The  measured  result  by  usir^  a  laser  beam  with  beam  diameter  of  2  mm  is  shown  in 
Fig.  2. 
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Diffraction  angle,  26  (degree) 


Fig.l.  X-ray  difraction  patterns  of  SBN  thin  films  with  (upper)  and  without  (lower) 
applying  d.c.  field  during  heat  treatment. 
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Fig.2.  Optical  anisotropy  of  the  preferrentially  orientated  SBN  thin  film  with  the 
thickness  of  0.6  pm. 
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Table  I  Optical  Refractive  Indices  of  films 


(a)  (b) 


Fig. 3.  Ferroelectric  P  -E  hysteresis  loops  of  PZT  thin  films  (0.8  (im)  on  n-Si  (a) 
and  p-Si  (b).  Scale  of  X-axis  is  22  kV/cm/div.  and  scale  of  F-axis  is  18 
fiC/cm^/div.  in  (a).  Those  of  24  kV/cm/div.  and  of  13  ^iC/cm^/div.  in  (b). 


Fig. 4.  J  -V  characteristics  (at  50  Hz)  of  PZT  thin  films  (0.8  )im)  on  n-Si  (a)  and 
p-Si  (b).  Scale  of  X-axis  is  1.5  V/div.  and  scale  of  T-axis  is  12  ^lA/cm^/div.  in  (a). 
Those  of  0.43  V/div.  and  of  4.6  pA/cm^/div.  in  (b). 
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The  optical  transmission  of  transparent  films  was  measured  in  the  wavelength  range  of  0.2  to  2.5 
(im  by  a  Perkin  Elmer  330  UV  spectrometer. Table  I  lists  refractive  indices  of  2.3110.01  and  2.23 
±0.01,  which  were  measured  on  SBN  and  LiNb03  films,  respectively,  at  the  wavelength  of  6328  A  by 
an  Automatic  Ellipsometer  (Auto  El- II). 

Pyroelectric  coefficient  was  measured  by  using  a  dynamic  method^^,  on  a  Au/  ferroelectric  film/ 
Si  sandwich  structure.  Before  the  measurement,  the  sample  of  SBN  film  was  poled  at  100  °C  with  a 
d.c.  electric  field  of  about  2.5  kV/mm.  The  pyroelectric  coefficient  of  2  X  10'^  O'  cm^K  was  obtained 
at  room  temperature,  which  is  of  the  same  order  of  magnitude  of  that  of  SBN  single  crystal.^^ 

3.HETERQ.IUNCTIQN.  PHOTOVOLTAIC  AND  PHOTOCURRENT  EFFECTS 

Ferroelectric  hysteresis  loops  of  thin  films  were  observed  by  a  modified  Sawyer-Tower  bridge. 
In  general,  hysteresis  loops  of  metal/  ferroelectric  films/  Si-substrate  are  asymmetric,  and  the  P-E 
loops  of  films  with  the  same  composition  on  silicon  wafers  with  different  conduction  type  are  very 
different.  Fig. 3(a)  and  (b)  shows  the  loops  generated  at  50  Hz  for  PZT  films  with  0.8  jam  thickness  on 
n-  and  p-  Si,  respecrively. 

l-V  characteristics  of  samples  with  metal/  ferroelectric  PZT  film/  silicon  sandwich  structure  are 
shown  in  Fig. 4(a)  and  (b).  l-V  curves  of  BaTi03,  KNb03,  SBN,  PBN,  and  KNSBN  films  on 
silicon  were  also  observed. 

In  order  to  understand  the  /-V  characteristic  of  ferroelectric  films  on  silicon,  we  have  proposed  a 
physical  model  of  ferroelectrics/  semiconductor  heterojunction  effects  (see  Fig. 5)  and  obtained  current 


Fig. 5.  The  energy  band  diagram  at  the  ferroelectrics-silicon  interface  of  the 
proposed  physical  mcxiel  for  the  self-biased  hetcrojunction  effect. 
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density  /  as  a  function  of  the  applied  voltage  V  as  following;^^ 

J  =JQ[\-{V-Vc)lV^^]t^^\q{V-VcVkT  -  Ij,  (1) 

where 

y  0  =  {qA*TV  Q^lk  )  exp{-qV  kT  ),  (2) 

and  A*  and  k  are  the  effective  Richardson  constant  and  Boltzmann  constant  respectively. 

Photocurrent  and  photovoltaic  effects  were  demonstrated  by  using  a  transparent  ITO  (indium  tin 
oxide)  electrode/  ferroelectric  film/  silicon  structure  (as  shown  in  Fig. 6).  The  measured  results  of 
stable  photocurrent  density  and  stable  photovoltage  in  PZT  and  SBN  thin  films  on  silicon  substrate  are 
shown  in  Fig.7  to  Fig.  12,  respectively.  These  effects  were  caused  by  neither  pyroelectric  effect 
(becuse  pyroelectric  current  density  is  in  the  order  of  10'*^  A/cm^)  nor  photovoltaic  effect  in  a 
ferroelectric  monodomain  crystal  (because  the  ferroelectric  thin  films  were  not  poled  betore,  i.e.,  the 
films  have  a  polydomain  structure  with  randomly  orientated  grains).  This  result  strongly  supports  the 
presently  photovoltaic  and  photocurrent  effects  were  caused  by  the  heterojunction  effect  at  the  interface 
between  the  ferroelectric  thin  film  and  the  silicon  substrate.  The  photovoltaic  effect  of  the  ferroelectric 
film/silicon  heteijunction  can  be  utilized  as  detector  devices  and  moreover  as  solar  cell  devices. 


(a)  (b) 

Fig. 6.  Tran.sparent  ITO  (indium  tin  oxide)  electrode  /  ferroelectric  film  /  silicon 
structure  for  measuring  photocurrent  (a)  and  photovoltaic  (b)  effects. 
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Photocurrent  Density  (iiA/cm^) 


Fig.7.  Stable  photocurrent  density  in  PZT  thin  film  vs.  light  intensity  (white  light). 
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Photocurrent  Density  (^A/cm^) 


Fig.  10.  Stable  photovoltage  in  PZT  thin  film  vs.  light  intensity  (6328  A). 
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Photovoltage  (mV)  Photocurrent  Density  (^lA/cm^) 


Fig.l  1.  Stable  photocurrent  density  in  SBN  thin  film  vs.  light  intensity  (6328  A). 
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4.HOLOGRAPHIC  GRATING  RECORDED  IN  SBN  THIN  FILM 


By  using  the  SBN  thin  films  two-wave  mixing  has  been  demonstrated  in  our  laboratory.  The 
equipment  for  the  recording  of  holograms  is  schematically  shown  in  Fig.  13.  Two  polarized  beams  /j 
and  ^  (with  the  intensity  ratio  1  :  9)  generated  by  a  beam  splitter,  which  is  located  at  the  output  of  a 
He-Ne  laser,  are  incident  on  a  SBN  thin  film.  Incident  angles  of  the  two  beams  are  kept  equal,  i.e.,  26 
=  16°.  In  this  configuration  the  direction  of  preferrential  orientation  of  the  c-axes  in  the  film  is  parallel 
to  the  plane  of  incidence.  In  order  to  filter  out  scattered  light,  a  polarizer  with  the  polarization-direct:on 
parallel  to  that  of  the  /j  and  ^  beams  was  set  on  the  front  of  the  detector.  By  using  a  unpoled  sample, 
two  wave  mixing  could  not  be  observed.  However,  when  a  d.c.  field  of  20  kV/cm  was  applied  on  the 
unpolied  sample,  the  intensity  of  signal  beam  was  amplified.  An  inteference  pattern  of  light  intensity 
was  formed  by  the  two  coherent  beams  /(  and  I2.  Fig.  14  is  a  plot  of  light  intensity  distribution  in  the 
film.  Thus,  a  holographic  grating  was  formed  in  the  thin  film  through  the  photorefractive  effect. 
Therefore,  the  beam  /j  was  amplified  owing  to  the  energy  exchange  from  I2  to  /j  (i.e.,  the  Bragg 


Fig,  13  Experimental  set-up  for  two-wave  mixing  experiments  in  SBN  thin  films. 
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Fig.  14.  A  plot  of  light  intensity  distribution  formed  by  interference  of  two  coherent 
beams. 


diffraction).  In  our  experiment  we  measured  the  Bragg  diffraction  efficiency  rj  defined  as  follows:^^ 

Tj  -  (diffracted  intensity)/ 

(diffracted  intensity  +  transmitted  intensity),  (3) 

Without  any  applied  field  on  the  poled  sample  a  maximum  t]  of  near  1%  at  the  wavelength  of  6328  A 
and  the  intensity  of  12  mW/mm^  was  obtained.  Owing  to  the  thickness  of  our  sample  is  very  thin  this 
value  of  T]  appears  to  be  unusually  large  as  compared  with  those  of  single  crystals  in  published 
work. 29-32  One  of  possible  explanations  is  that  some  diffuse  lights,  which  were  formed  by  the 
scattering  of  the  grain  boundaries  of  the  film,  contributed  to  the  diffraction  beam.  It  should  be 
mentioned  that  theoretical  calculation  for  the  holographic  recording  in  transparent  PLZT  ceramics  with 
applied  field  suggests  that  the  gain  F  could  reach  values  larger  than  1200  cm-'  at  an  applied  field  of  25 
kV/cm.33 


5. CONCLUSION 


1)  Transparent,  crack-free,  polycrystalline  and  ferroelectric  thin  films  (PZT,  BaTi03,  SBN, 
KNb03,  PBN,  KNSBN,  and  LiNb03)  on  fused  silica  substrate  have  been  fabricated  by  the  sol-gel 
process. 

2)  A  heterojunction  effect  in  the  sandwich  structure  of  metal  /  ferroelectric  film  /  silicon  has  been 
observed  by  the  measurement  of  I-V  curve  and  confinned  by  the  demonstration  of  photovoltaic  efiect. 


438  SPfE  Vof  1 328  Sol  Gel  Optics  (1 990) 


3)  Preferrentially  orientated  SEN  thin  films  on  fused  silica  substrate  can  be  formed  by  applying  a 
d.c.  electric  field  (about  1  kV/mm)  parallel  to  the  surface  of  the  substrate  during  heat  treatment.  The 
films  have  optical  anisotropy  and  photorefractive  properties.  By  using  the  SEN  films  two-wave  mixing 
effect  was  observed. 

4)  We  are  optimistic  that  ferroelectric  thin  films  made  by  the  sol-gel  process  have  potential  in 
various  device  applications,  such  as  holographic  memory,  infrared  detector,  optical  bistable  and/or 
electrical  bistable  devices,  non-volatile  semiconductor  memory  devices,  etc.. 
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ABSTRACT  ' 

Transparent  strontium-barium  niobate  (  SBN  )  thin  films,  0.3-1. 0  pm,  have  been  made  by  the  sol- 
gel  method.  Alkoxide  solutions  were  used  as  starting  materials.  Polycrystalline  SBN  thin  films  were 
grown  on  fused  silica,  single  crystals  silicon,  and  GaAs  substrates  after  firing  at  700°C.  Dielectric, 
ferroelectric,  and  pyroelectric  properties  of  SBN  films  were  observed.  Absorption  spectra  of  SBN  and 
SBN  doped  with  0.3  %  Cu  (  SBN;Cu)  were  measured.  The  photorefractive  effect  of  SBN  was 
demonstrated  by  a  two-wave  mixing  experiment. 

1.  INTRODUCTION 

Strontium  barium  niobate  (  SrxBai.xNb206,  SBN  )  is  photorefractive  material  which  has  been 
investigated  in  a  number  of  studies  on  phase  conjugation^  two-wave  mixing^-  and  holographic 
storage^.  For  such  applications,  it  is  necessary  that  materials  possess  three  important  features:  high 
optical  quality,  high  coupling  coefficient,  and  low  response  time.  SBN  crystals  have  been  found  to 
satisfy  the.se  requirements. 

Sol-gel  technique  has  been  used  to  grow  ferroelectric  thin  films,  such  as  PZT  PLZT^,  BaTiOs^, 
LiNb03^,  ^nd  SBN*^.  The  advantages  of  the  .sol-gel  method  are  low  processing  temperature  and 
excellent  homogeneity,  which  make  it  possible  for  the  films  to  be  integrated  on  various  substrates  for 
device  applications. 

The  films  of  Sr{),6Ba()4Nb20f,  (SBN)  and  copper-doped  Sro,6Ba().4Nb206  (  SBN:  Cu  )  on  fused 
silica,  single  crystals  Si,  and  GaAs,  have  now  been  prepared  by  the  sol-gel  method.  The  processing 
and  characteristic  of  the  films  will  be  described.  The  dielectric,  ferroelectric,  and  pyroelectric  properties 
of  SBN  films  on  various  substrates  were  measured.  Photorefractive  effect  of  SBN  and  SBN:Cu  is 
di.scussed.  A  two-wave  mixing  experiment  of  SBN  film  has  also  been  studied,  and  demonstrated  the 
photorefractive  effect. 

2.  SOL-GEL  PROCESS 

In  the  .sol-gel  process,  a  non-aqueous  solutir'^'  of  metal-organic  precursors  is  first  prepared  with 
metal  cations  in  the  desired  ratios.  Alkoxide  solutions  of  Ba(OC2H'i)2,  Sr(OC2H5)2,  and  Nb(OC2H5)5 
were  the  starting  materials,  with  ethanol  as  solvent.  They  were  mixed  and  refluxed  for  24  hours  in  an 
N2  atmosphere  and  had  a  concentration  of  0  OS  mole/l.  The  preparation  of  th.^  solutions  in  an  N2 
atmosphere  can  minimize  the  formation  of  carbonates  during  heat-treatment.  The  formation  ot 
crystalline  carbonates  would  reduce  the  chemical  homogeneity  of  film  and  thus  negates  the  advantage 
of  the  sol-gel  process. 

The  homogeneous  alkoxide  solution  of  SB.N  was  used  for  dip-coating  or  spin-coating  on  single 
crystals  Si,  and  GaAs,  and  fused  silica  substrates.  The  film  was  then  exposed  to  wet  air  for  hydrolysis 
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and  subsequent  polymerization.  The  gels  were  dried  in  air  at  100°  C  for  1  hour,  and  then  heated  to  700° 
C  for  2  hours,  finally  cooled  down  to  room  temperature  slowly.  A  crack-free  SBN  film  was  thus 
formed  by  repeating  the  coating-firing  process,  .  During  drying,  large  shrinkage  can  occur,  which 
may  result  in  cracking.  However,  a  strong  bond  between  the  film  and  the  substrate  will  prevent  lateral 
shrinkage  and  thus  promote  densification  in  the  vertical  direction. 

3.  RESULTS  AND  DISCUSSIONS 
3.1.  Characteristic  of  Films 

From  the  phase  diagram,  the  films  with  a  composition  of  Sro.6Bao.4Nb206  should  have  the 
tungsten  bronze  structure.  The  x-ray  diffraction  patterns  showed  that  the  films  were  crystallized,  as  the 
firing  temperature  was  raised  to  above  700°  C.  The  thickness  of  the  films,  0.3- 1.0  pm,  was 
determined  by  the  scanning  electron  micrography.  Figure  1  shows  the  microstructure  of  SBN  doped 
with  0.3%  Cu  on  silicon  where  random  domains  were  observed.  As  a  SBN  film  was  poled  at  1 
kV/mm  at  800°  C,  the  x-ray  diffraction  peaks  of  (130),  (121),  (131),  and  (620)  were  enhanced, 
indicating  that  the  domains  were  oriented  and  the  film  had  a  preferred  orientation  along  the  c-axis^. 

Polycrystalline  SBN  films  can  be  oriented  along  c-axis  by  applying  an  electric  field  higher  than  the 
coercive  field.  It  is  necessary  that  the  films  have  preferred  orientation  for  pyroelectric  property  and  the 
photorefractive  effect.  Hirano^o  has  prepared  a  single  crystal-like  LiNbOs  thin  film  by  controlling  the 
hydrolysis  of  the  solution.  Therefore,  it  should  be  possible  to  grow  a  ferroelectric  thin  film  of  good 
optical  quality  for  optical  applications. 


Figure  1  Microstructure  of  SBN  film  ,  doped  will.  C  3  %  Cu,  grown  on  silicon  (111) 
substrate  after  firing  at  700°  C.  Random  ferroelectric  domains  were  observed  without 
poling. 
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Figure  2  Dielectric  constant  versus  ambient  temperature  for  Sro.6Bao.4Nb206  thin  film 
( thickness  =  3000  A )  on  silicon  substrate. 


3.2.  Dielectric  Property 

The  temperature  variation  of  the  dielectric  constant  of  a  film  was  measured  between  30°C  and  240°C 
and  shown  in  Figure  2.  The  dielectric  constant  ( e )  was  calculated  from  the  capacitance  measured  by 
an  LCR  meter  at  1  kHz.  Gold  (  area  =  4.03  cm^ )  was  sputtered  on  SBN  film  as  electrode.  The  film  ( 
thickness  =  3000  A  )  was  deposited  on  a  silicon  substrate,  and  thus  a  Au/SBN/Si  configuration  was 
formed.  The  relative  dielectric  constant  increased  by  a  factor  of  3.3  as  the  temperature  was  increased 

from  30°C  to  1 10°  C  .  There  was  no  maximum  peak  obvious  in  the  E  vs.  T  curve,  although  a 
maximum  should  be  obserable  at  Tc.  This  smearing  of  the  transition  temjjerature  has  been  observed  by 
Okazaki  and  Nagata''  and  attributed  to  the  small  grain  size  of  the  film. 

3.3.  Ferroelectric  Properties 

Ferroelectric  properties  of  the  films  were  confirmed  by  P-E  hysteresis  loops.  Ferroelectric  hysteresis 
loop  measurement  was  made  using  a  modified  Sawyer-Tower  circuit  at  a  frequency  of  50  Hz,  the 
dielectric  loss  being  compensated  in  each  measurement.  To  study  the  ferroelectric  propenies,  gold 
electrodes  were  deposited  on  the  SBN  films  by  sputtering.  Figure  3  shows  the  ferroelectric  hysteresis 
loops  observed  in  the  Sro,6Bao.4Nb206  films  on  silicon  (  resistivity  =  2  ohm-cm  ),  GaAs  (  resistivity 
=  6xl0'3  ohm-cm  ),  and  fused  silica.  The  ferroelectric  hysteresis  loop  for  SBN  film  on  fused  silica 
substrate  (  measured  from  Au/SBN/Au  configuration,  where  Au  are  both  electrodes  )  was  symmetric, 
but  asymmetric  hysteresis  loops  were  observed  for  SBN  films  on  Si  (  Au/SBN/Si  )  and  GaAs  ( 
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Au/SBN/GaAs  )  substrates.  This  may  be  due  to  a  heterojunction  effect^^  The  remanent  polarization 
Pf  was  34  pC/cm^,  and  the  coercive  field  Eg  was  51  kV/cm  as  measured  from  the  Au/SBN/Si 
configuration.  Because  of  the  uncertainty  of  the  area  of  the  electrodes,  Pr  and  Ec  were  not  determined 
for  the  Au/SBN/Au  and  Au/SBN/GaAs  configurations. 

3.4.  Pyroelectric  Property 


Figure  3  P-E  hysteresis  loop  of  SBN  film  on  (a)  n-type  Si  siibsffate,  scale  of  x  axis  of 
loop  field  E  is  66  kV/cm/div,  and  scale  of  y  axis  of  lot^p  polarization  P  is  14  pC/cm^/div, 
(b)  p-type  Si,  scale  of  x  axis  of  loop  field  E  is  88  kV/cm/div,  and  scale  of  y  axis  of  loop 
polarization  P  is  17  pC/cmVdiv,  (c)  fu.sed  silica,  (d)  p-type  GaAs. 


444  sns  Vc‘  f328  nnfir<;  /r990i 


The  pyroelectric  coefficient  was  measured  using  a  dynamic  technique  in  which  the  samples  were 
heated  and  measured  in  the  temperature  range  of  20°  C  to  140°  C,  and  the  pyroelectric  current  ip  was 
measured  by  a  picoammeter  (  417  Keithley  Intruments  )  connected  in  series  to  the  sample.  Prior  to  the 
measurement,  the  film  was  poled  at  100°  C  with  a  d.c.  electric  field  of  25  kV/cm.  The  pyroelectric 
coefficients  were  about  2  x  10  C/cm^  K  and  80  x  10  C/cm^  K  at  27°  C  and  100°  C  respectively. 
This  suggests  that  the  domains  on  the  SBN  polycrystalline  film  by  the  sol-gel  method  were 
preferentially  oriented  after  electric  poling. 

4.  PHOTOREFRACTIVE  EFFECT 

Polycrystalline  SBN  films  were  studied  using  a  two-wave  mixing  experiment  to  determine  their 
photorefractive  effect.  An  experimental  arrangement  is  shown  in  Figure  4.  Coherent  beams  Ii  and  h 
intersect  in  the  film  and  thus  forms  an  intensity  interference  pattern.  Charge  is  excited  by  this  periodic 
intensity  distribution  into  the  conduction  band,  where  it  migrates  under  the  influence  of  the  internal 
electric  field  and  then  recombines  with  traps  in  the  region  of  low  irradiance.  A  periodic  space  charge  is 
thus  created  that  modulates  the  refractive  index  by  means  of  the  electro-optic  effect.  This  index  grating, 
being  out  of  phase  with  intensity  distribution,  introduces  an  asymmetry  that  allows  one  beam  to  be 
amplified  by  constructive  interference  with  light  scattered  by  the  grating  while  the  other  beam  is 
attenuated  by  destructive  interference  with  diffraction  light.  The  photorefractive  mechanism  is  shown 
in  Figure  5. 

The  gain  coefficient  of  two-wave  mixing  is  dependent  on  the  concentration  of  free  carriers 
Photorefractive  SBN  has  the  tungsten  bronze  structure.  The  schemes  of  (a)  SBN,  and  (b)  SBN:Cu  are 
shown  in  Figure  6.  SBN  crystals  studied  typically  had  bandgap  of  3-4  ev  ^5.  SBN  crystals  were  not 
intentionally  doped,  but  oxygen  vacancies  or  defects  may  associate  with  the  nonstoichiometric 
composition  of  SBN  crystals,  and  introduce  an  energy  level  (  Figure  6  (a)  )  in  the  band  gap  as  the 
origin  of  free  carrier  excitation  in  the  visible  region  of  the  spectrum.  In  SBN  crystal,  oxygen  vacancies 
seem  to  contribute  to  the  photorefractive  effect.  The  formation  of  oxygen  vacancies  can  be  described 


Figure  4  Experimental  arrangement  for  two-wave  mixing  experiments. 
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a.  Crystalline  medium  before  illumination 
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b.  The  same  medium  after  illumination 


Figure  5  The  photorefractive  mechanism.  Two  laser  beams  intersect,  forming  an 
interference  pattern.  Charge  is  excited  where  the  intensity  is  large  and  migrates  to  regions 
of  low  intensity.  The  electric  field  associated  with  the  resultant  space  charge  operates 
through  the  electro-optic  coefficients  to  produce  a  refractive  index  grating.  (  Ref.  17  ) 


Oo  =  V;'-H  l/2  02  +  2e  (1) 

where  Oo  is  an  oxygen  ion  in  the  normal  site,  is  a  double  ionized  oxygen  vancancy  ,  and  e"  is  an 
electron. 

Free  carriers  can  also  be  controlled  by  introducing  impurities  into  the  crystal.  Because  vacancies  are 
present  in  the  SBN  crystal,  this  permits  the  addition  of  a  wide  range  of  dopants  into  the  lattice'"*. 
Copper  doped  into  the  crystal,  filling  the  unoccupied  sites,  will  create  an  energy  level  in  the  band  gap  ( 
Figure  6  (b)  ).  The  valence  state  can  be  varied  from  Cu"^  to  Cu"^  by  oxidation  and  reduction  of  the 
crystals.  The  mechanism  leading  to  the  photorefractive  effect  is  the  reaction 

Cu+  -t-  hv  =  Cu^  -t-  e'.  (2) 

Oxygen  vacancy  defect  in  SBN  and  copper  impurity  in  SBN;Cu  are  absorption  centers  which  provide 
free  electrons  to  the  conduction  band  under  visible  light.  It  is  suggested  that  the  photorefractive  effect 
can  be  modulated  by  controlling  defects  or  impurities. 
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Figure  6  The  molecular  mechanism  of  photorefractive  effect  in  SBN  is  shown  in  (a), 
where  oxygen  vacancy  is  the  absorption  center,  and  in  SBN:Cu  ,  (b),  where  Cu+  is  the 
absorption  center. 
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Maximum  coupling  will  result  in  a  crystal  with  large  gain  coefficient  T  but  small  absorption 

coefficient  a.  However,  gain  and  absorption  coefficients  are  not  independent.  In  fact,  since  charge 
must  be  excited  into  a  conduction  band  by  intensity  interference  pattern  in  order  to  start  the 
photorefractive  process,  some  absorption  is  necessary.  If  defects  or  impurities  are  introduced,  donor 
or  acceptor  sites  are  created  and  become  absorption  centers  as  mentioned  above. 


Figure  7  shows  the  absorption  spectra  of  doped  and  undoped  SBN.  The  effect  of  copper 
impurities  on  the  absorption  spectrum  of  undoped  SBN  film  was  revealed.  The  absorption  edge  shifts 
from  300  nm  in  SBN  to  320  nm  in  SBN;Cu.  The  effect  of  Cu  impurity  in  SBN  seems  to  be 
significant.  However,  it  is  undesirable  that  the  absorption  does  not  contribute  to  the  photorefractive 
mechanism.  Future  study  of  the  absorption  is  necessary  to  indicate  whether  they  contribute  to  the 
photorefractive  effect  or  not. 

A  two-wave  mixing  experiment  of  SBN  film  has  been  studied.  A  gain  coefficient  F  under 

illumination  of  He-Ne  laser  (20=  18°  in  Figure  4  )  was  observed.  The  detail  will  be  discussed 
elsewhere*^.  However,  the  photorefractive  effect  of  a  transparent  SBN  film  by  sol-gel  method  has 
been  demonstrated. 
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Figure  7  Absorption  spectrum  of  SBN  and  SBN;Cu.  The  thickness  of  the  films  is  about 

1000  A. 
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5.  SUMMARY 


Transparent  ferroelectric  SBN  thin  films  have  been  made  by  the  sol-gel  method.  Alkoxide  solutions 
are  the  desirable  starting  materials  for  ferroelectric  thin  films,  because  of  the  homogeneity  of  the  gels 
and  the  fonnation  of  strong  M-O-M  bond  at  low  temperatures.  The  temperature  variation  of  the 

dielectric  constant  of  the  films  was  measured.  There  was  no  obvious  maximum  peak  in  the  e  vs.  T 
curve  at  the  ferroelectric  transition  temperature.  The  smearing  of  the  transition  temperature  observed 
may  be  attributed  *o  the  small  grain  size  of  the  film.  The  films  grown  on  fused  silica,  single  crystal 
silicon,  and  GaAs  possess  ferroelectric  properties.  Asymmetrical  P-E  hysteresis  loops  have  been 
found  with  Au/SBN/Si  and  Au/SBN/GaAs  configurations.  It  appears  that  the  heterojunction  effect 
influences  ferroelectric  properties.  The  pyroelectric  coefficient  was  measured  to  be  about  2  x  10 
C/cm^  K  at  27°C.  This  suggests  that  domains  on  the  polycrystalline  SBN  films  are  preferentially 
oriented  after  electric  poling.  High  optical  quality  undoped  and  copper-doped  polycrystalline  SBN 
films  have  been  shown  to  be  photorefractive  by  a  two- wave  mixing  experiment.  The  results  of  this 
work  indicate  that  ferroelectric  thin  film  derived  by  the  sol-gel  method  has  potential  for  optical 
applications. 
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ABSTRACT 

Refractive  index  values  are  reported  for  sol-gel  derived  PbTiOs  thin-layers  as  a  function  of  thermal 
processing  conditions.  Dense  amorphous  layers  were  fonned  at  350°C  (n  =  2.35)  with  crystallization  at 

450°C  (h  -  2.65).  A  spin-casting  method  is  described  for  the  deposition  of  coatings.  Ellipsometry  was 
used  to  monitor  optical  properties  as  a  function  of  heat-treatment  conditions. 


In  this  paper  we  report  on  the  sol-gel  processing  of  lead  titanate  (PbTi03)  in  thin-layer  (<1.0|i,m) 
form  for  optical  applications.  Lead  titanate  is  an  acentric  polar  material  (4mm,  Pg  =  O.SC/m^)  well  suited 
for  second  harmonic  generation  (SHG).  The  high  degree  of  tetragonality  (c/a  =  1.06)  can  be  reduced  and 
modulated  by  zirconium  (Zr)  and  lanthanum  (La)  substitutions.  This  gives  rise  to  the  well  known  families 
of  Pb(&,Ti)03  (i.e.,  PZT)  piezoelectrics  and  PbLa(Zr,Ti)03  (i.e.,  PLZT)  electrooptic  materials.  Potential 
devices  which  may  make  use  of  the  electrooptic  and  acoustooptic  properties,  include,  displays,  storage 
media,  optical  connectors  and  modulators. 

We  previously  demonstrated  a  non-linear  ferroelectric  memory^  for  sol-gel  PZT  and  an  optical 
shutter^  in  PLZT.  In  this  paper  we  report  on  the  optical  properties  of  PbTi03  thin-layers,  with  particular 
emphasis  on  the  densification  process  which  take  place  on  heat-treatment,  for  pore-free  coatings. 
Refractive  index  measurements  are  reponed  as  a  function  of  thermal  processing  conditions. 

Ramamurthi  and  Payne^-'^  recently  reviewed  the  chemical  processing  of  PbTi03  from  lead  acetate 
trihydrate  (Pb(00CCH3)2’3H2O)  and  titanium  isopropoxide  (Ti(OiPr)4)  in  methoxyethanol 
(CH3OCH3CH2OH).  Budd  et  al.^reported  on  the  .sol-gel  processing  of  PZT  and  PLZT  in  1985.  Since 
that  time  there  have  been  several  articles  on  the  effects  of  hydrolysis  and  condensation  reactions  on 
polymeric  structures  which  develop  in  sol-gel  derived  PbTi03-based  materials^'^.  The  effects  of  acid  and 
base  additions  on  the  free-volume  in  r'ense  amorphous  coatings,  and  subsequent  crystallization  behavior, 
were  reported  8-9.  This  has  led  to  the  sol-gel  processing  of  PbTi03-based  materials  at  sufficiently  reduced 
temperatures  (~500°C)  which  are  compatible  for  the  integration  of  devices  with  semiconductors  (e.g..  Si, 

GaAs)10dl. 

2.  EXPERIMENTAL 

Thin-layers  were  cast  on  a  variety  of  substrate  materials,  including,  gla.ss,  silicon  and  platinum,  at 
1000-4000  rpm  using  a  photoresist  spinner  The  processing  method  was  similar  to  that  reviewed  above 
1'*'.  The  spin  time  was  approximately  thirty  seconds,  which  was  slightly  longer  than  the  time  required  to 
obtain  a  constant  interference  color  from  the  coating.  Prior  to  spin-casting,  the  substrates  were  de-greased 
with  trichloroethylene  and/or  acetone,  and  rinsed  with  isopropanol  and  methoxyethanol.  Silicon  wafers 
were  etched  prior  to  cleaning  with  hydrogen  peroxide  and  a  buffered  HE  solution.  Platinum  substrates 
were  polished  through  the  use  of  a  series  of  decreasing  sized  diamond  pastes,  followed  by  0.3  micron  and 
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Table  1 .  Color  Chart  for  the  Deposition  of  Thin  -Layers 


Thickness  (microns)  for  a  given  refractive  index 


color 

1.25 

1.50 

L21 

2.00 

2.25 

2^ 

brown 

0.08 

0.07 

0.06 

0.05 

0.05 

0.04 

violet 

0.12 

0.10 

0.08 

0.07 

0.06 

0.06 

blue 

0.16 

0.13 

0.11 

0.10 

0.09 

0.08 

green 

0.19 

0.16 

0.14 

0.12 

0.11 

0.10 

gold 

0.23 

0.20 

0.17 

0.15 

0.13 

0.12 

orange 

0.28 

0.24 

0.20 

0.17 

0.15 

0.13 

violet 

0.33 

0.28 

0.23 

0.20 

0.18 

0.16 

blue 

0.36 

0.31 

0.26 

0.23 

0.20 

0.18 

yellow 

0.46 

0.39 

0.33 

0.28 

0.25 

0.23 

red 

0.51 

0.44 

0.37 

0.32 

0.28 

0.26 

blue 

0.57 

0.49 

0.41 

0.36 

0.31 

0.28 

yellow 

0.66 

0.57 

0.48 

0.42 

0.37 

0.33 

pink 

0.72 

0.62 

0.53 

0.46 

0.41 

0.36 

blue 

0.82 

0.70 

0.59 

0.52 

0.46 

0.41 

orange 

0.93 

0.80 

0.67 

0.58 

0.52 

0.47 

violet 

0.99 

0.85 

0.71 

0.62 

0.55 

0.50 

0.05  micron  alumina  on  microcloths.  Precursor  solutions  were  syringed  through  in-line  filters  directly 
onto  the  substrate*:  in  clean-room  conditions. 


The  as-deposited  layers  were  dried  at  70°C  for  five  minutes  and  stored  in  unsealed  plastic  boxes 
prior  to  heat  treatment.  A  microprocessor-controlled  molybdenum  disilicide  box  furnace  ^  and  sometimes 
a  hot  plate,  were  used  for  thermal  processing.  Initially,  the  layer  thickness  was  estimated  from  weight  and 
interference  color  characteristics.  The  apparent  color  of  a  coating  is  known  to  depend  on  the  phase 
difference  between  the  light  reflected  from  the  surface  and  the  light  reflected  from  the  substrate  beneath  the 

coating.  The  wavelength,  X,  for  constructive  interference,  is  given  by 


X 


4nt 
“  2k- 1 


(1) 


where  k  =  0,  1,2  ...,  t  is  the  layer  thickness,  and  n,  the  refractive  index.  A  color  chart,  based  upon 
experimental  observations,  is  summarized,  above,  in  Table  1.  This  method  was  used  initially  as  a  guide 
for  the  preparation  of  layers  of  a  desired  thickness.  For  partially  densified  layers,  neither  the  refractive 
indices  nor  densities  were  known  with  enough  certainty  to  estimate  the  thicknesses  reliably.  SEM,  and 
mechanical  measurements  with  a  step-gauge,  were  used  to  supplement  the  above  techniques.  Finally,  for 
precise  measurements,  an  ellipsometer  was  used  for  the  determination  of  refractive  index  and  thickness. 

Ellipsometry  is  a  useful  method  for  determining  the  optical  properties  of  flat  surfaces,  and 
transparent  coatings  up  to  a  few  microns  thick.  The  technique  is  essentially  based  upon  the  fact  that  the 
state  of  polarization  of  a  light  beam  is  altered  on  reflection  from  a  bare  or  coated  surface.  Both  the  angular 
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position  of  the  ellipse  (azimuth),  and  the  shape  (ellipticity),  are  affected.  Two  independent  parameters,  y 

and  A,  describe  the  polarization  state.  They  are  determined  by  finding  local  intensity  minima  for  an 
elliptical  polarizer  and  analyzer,  allowing  independent  determination  of  thickness  and  refractive  index, 
according  to. 


tan  ye‘A  -  V  ^ 

(1  +  rir2c'2‘’‘)(r3  +  r4e‘^*’‘) 

2k  ~  2  .  0  1/2 

X  =  —  t  (n"^  -  tty  sin^<|)) 


(2) 

(3) 


where  r,  are  various  Fresnel  reflection  coefficients,  is  the  refractive  index  of  the  ambient,  and  (p,  the 
angle  of  incidence.  Good  agreement  with  the  expected  interference  colors  was  observed.  Film 
thicknesses  were  measured  with  a  precision  of  better  than  SA. 

The  density  of  a  thin-layer  was  calculated  from  the  weight,  thickness,  and  area  of  the  coating  on  a 
two-inch  diameter  silicon  wafer.  The  use  of  larger  sized  samples  allowed  for  a  precision  of  nearly  three 
significant  figures  in  the  weight  of  the  coating.  Figure  1  gives  a  calibration  curve  between  density  and 
average  refractive  index  (h)  for  sol-gel  derived  coatings.  Densification  studies  were  carried  out  by 
successive  heat  treatments  on  a  hot-plate  followed  by  ellip.someter  measurements.  Film  temperatures  were 
determi;ied  by  a  thermocouple,  which  was  pressure-contacted  to  a  similar  substrate.  Isothermal  heat 
treatments  were  accomplished  by  placing  a  coated  substrate  directly  onto  a  pre-heated  hot  plate.  Little  or  no 
difference  was  detected  between  layers  given  a  single  continuous  heat  treatment,  or  between  layers  which 
had  beer  heated  for  the  same  total  amount  of  time,  but  via  a  sequence  of  shoner  heat  treatment  schedules. 


Fig.  1.  Density  dependence  of  refractive  index.  Fig.  2.  Fffect  of  acid  and  base  additions  on  the 

refractive  index  of  amorphous  coatings. 
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Continuous-heating  studies  were  approximated  by  a  series  of  short  heat  treatments  at  steadily  increasing 
temperatures.  Satisfactory  agreement  was  found  between  these  data,  and  data  obtained  by  ramping  and 
quenching  experiments. 
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Figure  2  gives  information  for  refractive  index  as  a  function  of  acid  or  base  additions,  for  thin- 
layers  heat-treated  at  7()"C.  9()'C,  and  35()“C  in  air.  It  was  found  that  the  refractive  index  (and  density)  of 
coatings  heated  at  35()"C  increased  monotonically  with  acid  content  in  the  precursor  solution.  Under  acidic 
conditions,  pore  free  amorphous  coatings  developed  with  densities  up  to  6.8  g/cm-^  (i.e.,  92%  of  the 
theoretical  density  for  crystalline  lead  titanate).  That  is,  the  dense  amorphous  materials  had  up  to  %%  free 
volume,  and  was  fonned  at  relatively  low  temperatures  of  35(FC,  and  with  refractive  indices  up  to  2.35. 


Interestingly,  air-dried  or  mildly-dried  (7()'C,  live  minutes)  thin-layers  exhibited  the  opposite  trend 
in  refractive  index  w  ith  additive  content  (Figure  2).  It  was  found  that  acidic  films  contained  excess  organic 
content,  probably  in  the  form  of  adsorbed  solvent,  which  w  as  trapped  in  the  finer  nanostructure.  Longer 
heat  treatments,  at  slightly  higher  temperatures,  were  sufficient  to  remove  the  excess  organic  matter,  and 
reverse  the  trend.  Apparently,  rearrangement  and  shrinkage  in  the  gel  structures  was  dependent  on  the 
removal  of  organic  species  in  the  system.  This  is  further  illustrated  in  Figures  3  and  4  which  indicate  a 
progressive  increase  in  density  and  refractive  index,  with  heat  treatment  temperature,  after  short  periods  of 
time  at  temperature.  The  effective  heating  rates  were  iO'C/min  and  3()®C/min,  respectively.  For  each  case, 
coatings  which  contained  acid  additions  were  initially  less  dense  than  basic  ones  (attributable  to  excess 
organic  content)  but  later  became  more  dense  after  heat  treatment.  Ciu-eful  examination  of  the  data  indicate 
coatings  became  more  dense  at  lower  temperatures  w  ith  faster  heating  rates. 


Gels  used  in  this  work  had  characteristics  consistent  with  polymeric  structures.  There  was  no 
evidence  for  colloidal  particles.  Pc)l\-meric  gels  .shrink  more  gradually,  and  over  a  broader  temperature 
range,  than  colloidal  gels.  Additional  mechanisms  of  shrinkage  can  occur  for  polymeric  gels  over  colloidal 
gels,  w'hich  include,  structural  relaxation,  condensation  polymerization,  and  network  rearrangement.  By 
contrast,  amorphous  colloids ,  usually  densify  by  viscous  flow,  in  a  much  more  narrow'  temperature 


Fig.  3.  Density  and  refractive  index  as  a  function  Fig.  4.  Density  and  refractive  index  as  a  function 
of  heat  treatment  ( lO^C/min).  of  heat  treatment  (30''C/min). 


range.  The  shrinkage  behavior  of  acidic  and  basic  thin-layers  is  given  in  Figure  5.  A  continuous 
shrinkage  was  observed  from  room  temperature  to  400°C  ,  consistent  with  the  expected  behavior  for 
polymeric  gels.  This  was  accompanied  by  a  weight  loss  of  organic  matter. 

Semi-quantitative  analysis  of  polymeric  gel  shrinkage  is  possible  by  comparison  with  competing 
viscous  flow  mechanisms  for  amorphous  particles.  Shrinkage  equations  can  be  derived  by  equating  the 
energy  dissipated  in  viscous  flow  with  the  decrease  in  surface  energy  that  drives  densification.  Isothermal 
shrinkage  data  can  then  be  compared  with  model  particulate  systems.  Little  change  in  shrinkage  rate  is 
expected  over  much  of  the  densification  range  if  shrinkage  does  occur  by  viscous  flow.  By  contrast,  a 
large  decrease  in  shrinkage  rate  was  observed  during  isothermal  heat  treatments  of  PbTi03  thin-layers. 
Figure  6  illustrates  isothermal  shrinkage  data  at  150°C,  250°C,  and  350°C  for  both  acid  and  base 
additions.  These  data  suggest  that  other  mechanisms  (in  addition  to  viscous  flow)  occurred  and 
contributed  to  the  shrinkage,  and  suggest  that  the  coatings  were  quite  polymeric  in  nature,  rather  than 
colloidal.  These  data  have  been  analyzed  elsewhere*-. 

4.  SUMMARY 

Sol-gel  processing  was  used  for  the  integration  of  PbTi03  thin  layers  (<lpm)  on  a  variety  of 
substrate  materials.  A  spin-casting  method  was  used.  Precursor  solutions  were  fomied  by  reflux  and 
distillation  of  lead  acetate  trihydrate  and  titanium  isopropoxide  in  methoxyethanol;  and  prehydrolyzed 
solutions  were  spin-cast  at  I()()()-4000  rpm.  The  effects  of  acid  and  base  additions  on  densification 
behavior  and  optical  properties  were  investigated  by  ellipsometric  methods.  In  general,  acid  additions 
(e.g.,  O.IM  HNO3)  resulted  in  denser  amorphous  coalings  after  heat  treatment,  and  which  crystallized  at 
lower  temperatures.  The  pathways  by  which  structure  evolved  were  consistent  with  polymeric  gel 
networks.  Typical  values  for  refractive  index  were  2. .35  in  amorphous  coatings,  and  2.65  in  crystalline 
material. 


Fig.  5.  Shrinkage  and  weight  loss  for  PbTi03  Fig.  6.  Isothemial  shrinkage  curves  for  PbTi03 
thin-layers,  thm-layers. 
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ABSTRACT 

The  sol-gel  processing  of  lithium  niobate  thin-layers  on  silicon  from  heterometallic  alkoxide 
solutions  is  described.  Advantages  of  sol-gel  processing  for  low-temperature  formation  of  stoichiometric 
lithium  niobate  are  discussed.  A  recyrstallization  procedure,  involving  a  bimetallic  alkoxide,  was 
developed  for  the  purification  of  alkoxide  solutions.  The  alkoxide  complex  contained  the  appropriate  cation 
ratio  for  the  preparation  of  stoichiometric  lithium  niobate.  Solvent  selection,  addition  of  nitric  acid  or 
ammonium  hydroxide,  and  thermal  processing  conditions  were  shown  to  affect  the  ceramic 
microstructures.  In  particular,  the  solvent  system  and  additives  influenced  grain  growth  and  porosity  in  the 
crystallized  layers.  Methoxyethanol-derived  layers  had  a  grain  size  approximately  twice  that  observed  for 
the  ethanol  system.  Use  of  a  rapid  heating  process  produced  dense  layers  at  650  °C,  whereas  oxygen 
treatments  allowed  for  crystallization  at  400  °C. 

1,  INTRODUCTION 

Lithium,  niobate  single  crystals  have  been  widely  investigated  for  their  optical  properties  and 
information  processing  capabilities.  However,  single  crystal  growth  of  stoichiometric  lithium  niobate 
remains  a  difficult  task  due  to  incongruent  melting  and  the  presence  of  a  lithium-deficient  solid  solution.  As 
a  result,  lithium  niobate  crystals  prepared  from  stoichiometric  melts  have  compositional  fluctuations  which 
affect  optical  properties  (e.g.,  birefringence).^  So  as  to  minimize  compositional  fluctuations  and  produce 
homogeneous  crystals,  a  congruently  melting  but  non-stoichiometric  composition  (48.6%  Li20)  is 
commonly  used.  A  major  drawback  to  the  use  of  lithium  niobate  in  optical  circuits  is  optical  damage, 
wnere  a  change  in  refractive  index  occurs  on  exposure  to  high  intensity  light  (i.e.,  photorefractive  effect). 
The  effect  appears  more  severe  for  material  prepared  from  the  congruently  melting  composition  required  for 
the  preparation  of  homogeneous  material. ^  Thus,  there  is  a  need  for  low  temperature  processing  methods, 
which  allow  for  the  preparation  of  homogeneous  lithium  niobate  of  the  stoichiometric  composition. 

Thin-films  of  lithium  niobate  have  also  received  con.siderable  interest  for  integrated  optical  circuits. 
Epitaxial  (single  cry.stal)  lithium  niobate  films  have  been  prepared  by  epitaxial  growth  by  melting  (EGM) 
and  liquid  phase  epitaxy. Hjwever,  the  methods  are  susceptible  to  incongruent  melting,  as  previously 
discussed,  and  require  substrate  materials  (i.e.,  lithium  tantalate)  which  can  withstand  the  high  melt 
temperatures.  Therefore,  alternate  processing  methods,  which  are  amenable  to  a  wider  variety  of  substrate 
materials  (e.g.,  silicon,  sapphire)  and  which  offer  greater  compositional  control,  are  required. 
Polycrystalline  films  prepared  by  rf  sputtering  and  melt  techniques  have  demonstrated  optical 
waveguiding,3'5  7  but,  optical  attenuation  has  been  a  significant  problem. 

Optical  loss  has  generally  been  attributed  to  grain-boundary  scattering  (and  surface  roughness), 
indicating  a  need  for  single  crystal  smooth  films.  However,  a  review  of  the  literature  indicates  limited 
microstructural  characterization  of  polycrystalline  specimens.  In  particular,  grain  size,  the  presence  of 
porosity,  microcracking  and  secondary  phases,  have  not  been  reported  which  would  influence  the 
degradation  of  optical  quality.  Madoyan  showed  attenuation  was  primarily  a  function  of  surface  roughness 
with  losses  of  17  dB/cm,  which  could  be  reduced  to  1  dB/cm  by  polishing.^  Many  polycrystalline  films 
can  contain  secondary  phases  (i.e.,  LiNb308  or  Li^NbOa)  which  act  as  scattering  centers.  Compositional 
inhomogeneities  have  been  attributed  to  differential  sputterine  rates  and  sfirWino  for  lithium  and 
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niobium  during  vapor  phase  deposition.  Furthermore,  lithium  niobate  prepared  from  a  melt  of  lithium  and 
niobium  oxides,  or  by  sputtering  with  an  oxide  target,  typically  have  transition  metal  impurities  (i.e.,  Fe) 
which  lead  to  optical  damage.  The  results  to  date  indicate  the  major  obstacles  for  the  preparation  of  high 
optical  quality  lithium  niobate  layers  are  control  of  composition,  homogeneity,  and  the  development  of 
dense  fine  ceramic  microstructures. 

Typically,  wet-chemical  forming  methods  offer  reduced  temperature  processing,  control  of 
stoichiometry,  and  a  high  degree  of  purity.  Therefore,  chemical  processing  methods  may  be  of 
considerable  advantage  to  the  formation  of  optical  materials.  In  the  sol-gel  processing  method,  alkoxide 
precursors  undergo  hydrolysis  and  condensation  reactions,  resulting  in  a  polymeric  network  which  can 
subsequently  be  converted  to  an  amorphous  oxide  on  heat-treatment.  Additional  heat-treatment  results  in 
the  crystallization  of  the  amorphous  material.  The  process  avoids  both  incongruent  melting  and  the 
formation  of  powders  which  can  be  detrimental  to  compositional  homogeneity.  A  “homogeneous” 
polymeric  network  is  developed.  Relative  homogeneity  is  offered  through  molecular  mixing  in  solution 
prior  to  deposition.  However,  preferential  hydrolysis  (i.e.,  of  niobium  ethoxide)  could  result  in  a 
distribution  of  niobium-rich  and  lithium-rich  regions.  Potential  problems  may  be  avoided  by  i)  pre¬ 
hydrolysis  of  less-reactive  species,  to  give  similar  hydrolysis  rates  for  all  components,  or  ii)  preparation  of 
a  heterometallic  alkoxide  which  would  hydrolyze  without  dissociation.  In  this  paper,  we  report  on  the  use 
of  bimetallic  alkoxides,  LiNb(OR)6,  for  the  sol-gel  processing  of  lithium  niobate  thin-la>ers  on  silicon. 
Advantages  of  the  sol-gel  method  were  investigated  with  respect  to  specific  processing  problems  observed 
for  lithium  niobate.  Furthermore,  the  effects  of  solution  chemistry  and  thermal  processing  conditions  on 
microstructure  development  were  explored.  The  results  indicate  processing  routes  which  allow  for  the 
preparation  of  dense  layers  with  controlled  grain  sizes  required  for  high  quality  optical  layers. 


Alkoxide  solutions  of  lithium  niobium  ethoxide,  LiNb(OCH2CH3)6,  and  lithium  niobium 
methoxyethoxide,  LiNb(0CH2CH20CH3)6,  were  prepared  in  ethanol  or  methoxyethanol,  respectively,  as 
indicated  in  Figure  1.  Alkoxide  solutions  were  prepared  in  their  parent  alcohols  (i.e,  niobium  ethoxide  in 
ethanol),  thereby  avoiding  partial  alcohol  exchange  reactions,  which  could  give  differences  in  hydrolysis 
and  condensation  behavior  for  varying  degrees  of  exchange.^  The  reactions  were  carried  out  under  a  dry 
nitrogen  atmosphere  using  standard  Schlenk  procedures.^  Lithium  alkoxides  were  prepared  by  direct 
addition  of  lithium  metal  to  alcohol  causing  evolution  of  hydrogen.  Niobium  ethoxide  was  either  obtained 
commercially  or  synthesized  and  sub.sequently  purified  according  to  the  method  of  Bradley.  Niobium 
methoxyethoxide  was  prepared  by  alcohol  exchange;  distillation  of  a  solution  of  niobium  ethoxide  in  2- 
methoxyethanol.  Complete  reaction  was  indicated  by  a  boiling  point  of  125  °C  (b.p.  of  2-methoxyethanol) 
and  confirmed  by  and  NMR  spectroscopy.  Lithium  and  niobium  alkoxide  solutions  were  reacted 
and  sub.sequently  concentrated  by  distillation  to  yield  0.8  M  lithium  niobium  ethoxide  or  1.0  M  lithium 
niobium  methoxyethoxide  solutions.  Previous  NMR  results  indicated  immediate  reaction  of  the  alkoxides 
at  room  temperature,  forming  bimetallic  alkoxide  species."  Further  concentration  of  the  ethoxide,  but  not 
the  methoxyethoxide,  resulted  in  crystallization  of  LiNblOEt)^. 

Stock  solutions  were  diluted  with  alcoholic  additions  of  water,  nitric  acid  or  ammonium  hydroxide 
to  give  either  0.25  M  or  0.5  M  precursor  solutions.  Water  additions  of  0-2  moles/Nb,  and  acid  or  base 
additions  of  0.1  mole/Nb  were  investigated.  Ethanol  solutions  with  greater  than  I  mole  H20/Nb  tended  to 
precipitate,  whereas  up  to  3  moles  H20/Nb  could  successfully  be  added  to  the  methoxyethanol  system 
without  immediate  gelation  or  precipitation.  The  solutions  were  stable  for  several  months  and  were  used 
for  the  deposition  of  lithium  niobate  layers  on  silicon  by  spin-casting  methods. 


I 


Figure  1.  Flow  diagram  for  the  synthesis  of  Figure  2.  Deposition  procedure  for  the  formation 

lithium-niobium  alkoxide  solutions.  of  lithium  niobate  layers  on  silicon 

substrates. 


2.2.  Thin-laver  processing 

Thin-layers  of  lithium  niobate  were  deposited  on  silicon  by  spin-casting  at  2000  rpm  for  45 
seconds.  Silicon  substrates  were  ultrasonically  treated  in:  deionized  water  (2x),  trichloroethylene,  acetone, 
and  isopropanol.  The  silicon  wafers  had  a  final  ultrasonic  treatment  in  either  ethanol  or  2-methoxyethanol 
for  the  appropriate  system.  Solutions  were  filtered  with  a  0.2  pm  filter  prior  to  deposition.  As-deposited 
layers  were  approximately  1500  A  thick  (for  0.5M  methoxyethanol).  A  30  second  heat-treatment  at  -300 
°C  (on  a  hot-plate)  facilitated  removal  of  entrapped  solvent  and  residual  organic  material,  resulting  in  an 
amo^hous  lithium  niobate  layer.  The  thickness  was  increased  by  a  multiple  deposition  technique,  outlined 
in  Figure  2,  in  which  subsequent  layers  were  deposited  on  an  amorphous  layer.  Layer  thicknesses  of  0.75 
pm  could  be  obtained  without  noticeable  cracking. 

Amorphous  samples  were  converted  to  crystalline  lithium  niobate  by  heat-treatment  after  the  desired 
thickness  had  been  obtained.  Samples  were  heat-treated  between  400  and  800  °C  for  5  minutes  to  8  hours 
using  either  a  10  °C/min  heating  rate  or  by  inserting  the  samples  into  a  pre-heated  furnace  (i.e.,  arapid 
heating  process,  RHP).  Heat-treatments  were  carried  out  either  in  ambient  atmosphere  or  in  flowing 
oxygen. 


‘fjS  SPIEVoi  1 328  Sol  Gel  Optics  m90) 


It  has  been  widely  stated  that  sol-gel  processing  offers  (i)  preparation  of  high-purity  materials,  (ii) 
control  of  stoichiometry,  (iii)  better  homogeneity  and  (iv)  reduced  processing  temperatures,  with  respect  to 
conventional  oxide  routes. Use  of  the  alkoxide  precursor  materials,  through  the  above  advantages,  may 
alleviate  many  of  the  processing  problems  associated  with  lithium  niobate.  Molecular  level  mixing  may 
occur  for  a  solution  of  alkoxide  species  in  a  mutual  solvent,  allowing  preparation  of  a  homogeneous 
solution  which  can  be  converted  to  the  oxide.  We  would  like  further  to  explore  the.sc  possible  advantages 
with  respect  to  the  specific  processing  of  lithium  niobate  ceramics. 

Bradley  investigated  the  boiling  points  of  niobium  alkoxides  as  a  possible  method  for  separating 
niobium  and  tantalum. *3  Boiling  points  of  niobium  ethoxide  (156  °C7().()5  mm  Hg)  and  tantalum  ethoxide 
(146  °C/0. 015mm  Hg)  were  significantly  different  and  could  allow  separation  of  the  two  compounds. 
Distillation  ot  niobium  alkoxides  produced  from  ferrous  niobium  (via  chloride)  has  been  investigated  for 
the  preparation  of  high-purity  niobium  oxide  powders.’^  Powders  prepared  from  hydrolysis  of  the 
alkoxides  had  iron  contents  less  than  10  ppm;  whereas  powders  prepared  from  sublimed  niobium  chloride 
(used  for  alkoxide  preparation)  had  7(X)  ppm  of  iron.  The  results  indicate  distillation  of  niobium  alkoxides 
can  successfully  be  used  as  ;i  puritication  technitjue  which  could  prove  invaluable  in  improving  the  optical 
quality  (i.e.,  reducing  optical  damage)  of  lithium  niobate. 

We  have  previously  repitrted  on  the  crystal  structure  of  the  double  metal  alkoxide, 
LiNb(OCH2CHU6-  shown  in  Figure  3.’-'’  The  complex  forms  infinite  helicttl  polynters  comprised  of 
niobium  ethoxide,  Nb(OEt)6,  octahedral  units  linked  by  lithium,  in  a  distorted  tetraliedral  environment, 
with  bridging  alkoxy  ligands.  The  alkoxide  molecule  fixes  the  cation  ratio  required  for  the  preparation  of 
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Figure  4.  Flmv  diagram  for  the  successive 
crvstalli/ation  (4' eth('\i(,ie  solutions. 


stoichiometric  litliium  niobatc.  l-iinlicnnorc,  ific  Nl’-O-Li  bonds  witiiin  ilic  material  suggest  molecular  level 
homogeneity  and  perha[)s  low  tcmjXTature  prtvessing.  'I'he  utility  of  the  crystals  has  been  demonstrated  for 
compositional  control  from  non-stoicluomeiric  alkoxidc  solutions,  b'igurc  4  shows  a  successive 
crystallization  technique  devised  to  purify  an  alkoxide  solution  with  a  nominal  addition  of  15ff  e.wess 
niobium  ethcrsiiie.  Crystals  of  the  liimeiallic  alkoxide  were  obiaineii  by  concentration  at  room  temperature, 
and  any  remaining  solvent  was  remo\ed  bv  filtration,  and  the  crystals  redissolved  in  drv  ethanol.  .After 
three  crystallizations,  the  material  uas  gelled  and  subsequently  crystallized.  Chemical  analysis  of  the 
crv'stalline  powder  indicated  a  1:1.01  liilmimtniobium  ratiic  stoichiometric  within  experimental  accuracy. 
Furthermore.  ICldi  analyses  of  stoiehiomelric  solutions  and  cry.stalline  powders  prepared  from  the  solution 
deteeted  no  transition  metal  impurities  (le\e!s  below  detection  limits,  i.e.,  Fe<.k0  ppm).  The  results  indicate 
isolation  of  the  alkoxide  crystaK  can  allow  purification  and  compositional  control  during  the  sol-gel 
processing  id' lithium  niobaie. 

3.2.  Microstructure  dependence  on  pnvessmg  ssnulitions 

1-igure  .'s  shows  ceramii.'  micriwuaictures  obtained  for  lithium  niobate  multilayer  samples  (.3 
depositions)  prepared  using  ethaiu'l  ami  2unethoxyeihanol  solvent  systems  with  tlte  addition  of  1  mole 
lisf-f/Nb.  Dense  cr_\ si.iiline  lasers  were  olnained  after  heiit  treaiment  ;it  6.30  ■  C  for  I  hour  using  the  rapid 
heating  process.  The  lasers  were  crack-free  and  had  no  apparent  porosiis.  However,  selection  of  the 
solvent  system  did  have  an  effect  on  grain  size,  [.ithium  niobium  ethoxide  resulted  in  an  average  grain  size 
of  0. 1-0.2  |im.  svhereas  the  methoxycthoxide  gave  a  grain  size  id' approximately  0..3  pm.  Differences  in 
grain  size  may  he  due  to  different  polymeric  structures  produced  during  hydrolysis  and  eondensation. 
.Structural  ditfcrences  of  the  precursor  rdkoxides  mas  be  indicated  by  the  inability  to  crystallize  lithium 
niobium  methoxsetlioxide  from  soUuii'n. 


The  evolution  of  microstructure  after  1  hour  heat-treatments  (RHP)  is  illustrated  in  F'igure  6.  At 
500  the  material  ..ppeared  dense  svith  no  discernable  structure  (i.e..  amorphous).  X-ray  diffraction 
indicated  only  a  slight  siegree  of  crysi.illization  at  .300  C  in  thin-layers.  1-or  samples  heat-treated  at  (>(){.)  'C, 
the  grains  were  evident  but  ssith  a  breakiio.vsn  in  film  continuity.  Significant  grain  growth  and  densification 
have  (veurreJ  h_s'  (').3()  ('  'ffiere  ssas  little  increase  by  700  '  C.  Heat-treatment  of  lithium  niobate  powders  in 
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excess  of  7(X)  °C  indicated  the  formation  of  LiNbjiOs,  which  was  associated  wiin  the  volatilization  and  loss 
of  lithium  oxide.  The  results  indie. te  the  imponance  of  reduced  lempei  aiure  pr^vessing  so  as  to  maintain 
the  chemical  stoichiometry  offered  through  the  u.se  of  the  synthesized  biitieitillie  alkoxide.  Similar  results 
were  observed  for  increasing  tinte  at  temperature.  For  heat-treatment  at  650  C,  no  obseiMible  structure 
was  resolved  after  10  minutes.  After  30  minutes  the  fontiation  of  tt  porous  mierostrueture  with  tine  grains 
was  obserx'ed.  With  increasing  time,  considerable  grain  growth  (0.1  )am-0.5pm)  and  densification  had 
occurred.  The  results  indicate  a  rapid  nucleatiott  event  giving  rise  to  a  large  number  of  nuclei  which  grow 
at  the  expense  of  other  grains  to  eventually  produce  a  dense  microstructure. 
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Additions  of  nitric  acid  or  ammonium  hydroxide  had  an  effect  on  the  development  of  ceramic 
microstructure  for  material  heat-treated  at  10  °C/min  (to  800  °C  for  1  hour),  as  shown  in  Figure  7.  Base 
addituns  resulted  in  dense  structures  similar  to  those  obtained  without  additives  (figure  5),  whereas  acid 
additions  yielded  porous  structures.  It  should  be  pointed  out  that  lithium  alkoxides  can  be  viewed  as  base 
additions  to  niobium  systems,  and  as  such  could  be  neutralized  through  the  addiiion.s  of  acids.  For 
similar  samples,  but  through  the  use  of  RHP,  differences  in  the  development  of  ceramic  microstructure 
were  not  as  severe.  However,  acid  systems  lemained  more  porous  than  neutral  or  base  systems. 

Heating  rate  had  a  dramatic  effect  on  microstructure  development  as  indicated  in  Figure  8.  RHP 
gave  dense  layers  with  an  average  grain  size  of  approximately  0.5  pm  after  1  hour  at  650  °C.  However,  at 
10  °C/min  to  the  same  temperature,  and  for  the  same  hold  time,  the  microstructure  was  finer  (0. 1-0.2  pm) 
and  had  a  high  degree  of  porosity.  Heat- treatment  in  oxygen  produced  crystalline  layers  with  a  grain  size 
of  -0.25  pm  and  with  residual  porosity.  However,  the  layers  were  cry.stalline  at  a  lower  temperature  of 
400  °C,  indicating  an  oxygen  assisted  crystallization  process.  Results  for  differenual  thermal  analysis  and 
X-ray  diffraction  are  given  in  Figure  9  for  gel  specimens  heat-treated  to  250  °C  in  air  and  oxygen.  A  typical 
decomposition  exotherm  was  observed  for  the  air-fired  material,  and  XRD  indicated  an  amorphous 
structure.  Heat-treatment  in  oxygen  gave  a  very  stro.'g  exotherm,  due  to  decomposition  of  residual  organic 
material,  and  produced  crystalline  lithium  niobate  at  a  furnace  temperature  of  250  °C.  The  decomposition 
exotheim  indicates  a  temperature  difference  between  the  sample  and  the  reference  material  (AI2O3)  of -40- 
50  °C  Furthermore,  the  heat  ot  combustion  was  greater  than  the  programmed  heating  rate,  resulting  in  a 
displacement  of  the  exotherm  from  the  vertical.  This  indicates  the  sample  temperature  was  increased  to 
375-4(X)  °C,  i.e.,  above  the  furnace  temperature  of  250  °C.  Therefore,  the  lithium  niobate  gel  was  heated  to 
the  crystallization  point  in  an  oxygen  atmosphere.  In  effect,  in-situ  rapid  thermal  processing  can  lead  to 
crystallization  at  reduced  furnace  temperatures  (250  °C)  if  oxygen  atmospheres  are  used.  However,  this  is 
an  apparent  effect,  since  the  true  temperature  of  the  sample  is  really  above  4(X)  °C.  A  similar  process  is 


Figure  7.  Microstructures  of  lithium  niobate  layers  (from  0.5  M  methoxyethanol)  with  the  addition 
(0. 1  mole/Nb)  of  a)  nitric  acid  and  b)  ammonium  hydroxide,  after  30  minutes  at  8(X)  "’C 
with  a  heating  rate  of  10  °C/min. 


believed  to  occur  for  heat-treatment  of  the  lithium  niobate  layers  crystallized  at  400  °C  in  oxygen.  Oxygen 
heat-treatments  may  be  beneficial  for  integrated  optical  or  microelectronic  applications,  if  the  substrate 
tempierature  can  be  maintained  below  400  °C,  as  the  layer  is  crystallized  by  in-situ  rapid  thermal  processing. 


b)  c) 


Figure  8.  Microstructures  for  lithium  niobate  layers  (from  0.5  M  methoxyethanol)  heat-treated  usin 
a)  RHP  (650  °C  for  1  hour),  b)  10  °C/min  heating  rate  (650  °C  for  1  hour)  and  c)  10  °C/mi 
in  oxygen  (400  °C  for  1  hour). 
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Figure  9.  Differential  thermal  analysis  and  X-ray  diffraction  results  for  lithium  niobate  gels  heat- 
treated  in  air  and  oxygen  atmospheres. 


4.  SUMMARY 


Sol-gel  processing  of  lithium  niobate  was  investigated  using  ethanol  and  methoxyethanol-based 
systems.  Distillation  of  niobium  alkoxides  was  an  effective  method  in  developing  enhanced  purity. 
Furthermore,  lithium  niobium  ethoxide  could  be  crystallized,  allowing  further  purification  of  alkoxide 
solutions.  The  processes  indicate  an  enhanced  method  of  purity  and  stoichiometry  control  in  addition  to  the 
mixing  of  known  quantities  of  pure  precursor  compounds. 


The  sol-gel  method  was  used  for  the  preparation  of  lithium  niobate  layers  on  silicon  substrates. 
Rapid  heating  gave  dense  lithium  niobate  layers  after  one  hour  at  650  °C.  Slower  heating  rates  produced 
more  porous  microstructures  and  of  a  fine  grain  size.  Rapid  heating  methods,  with  possible  additions  of 
ammonium  hydroxide  were  necessary  for  the  formation  of  dense  crack-free  layers  suitable  for  optical 
applications  (elimination  of  scattering  centers).  Furthermore,  the  layers  were  single  phase  LiNbOs  at 
temperatures  below  750  °C.  Finally,  the  u.se  of  oxygen  assisted  heat-treatments  indicated  further  reductions 
in  processing  temperatures  were  possible,  approaching  furnace  temperatures  of  4(X) 


The  sol-gel  processing  method  v'.as  shown  to  allow-  preparation  ot  high-purity  stoichiometric 
lithium  niobate.  The  purification  and  compositional  control  potentially  offered  by  the  bimetallic  alkoxide 
precursor  could  lead  to  a  reduction  in  optical  damage  which  has  been  a  significant  problem  in  meli-grow-n 
materials.  Furthennore,  stoichiometric  lithium  niobate  layers  appeared  homogeneous,  without  the  presence 
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of  secondary  phases,  which  has  been  difficult  to  accomplish  by  vapor  deposition  techniques.  Furthermore, 
the  reduced  processing  temperatures  may  allow  for  the  integration  of  LiNb03  on  a  variety  of  substrate 
materials  for  practical  applications. 
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ABSTRACT 

Sol-gel  processing  methods  were  investigated  for  the  preparation  of  lithium  niobate  optical  layers.  Two 
alkoxide  systems,  ethanol  and  2-methoxyethanol,  were  studied.  The  methods  resulted  in  either  randomly 
oriented  polycrystalline  layers  on  silicon  or  grain-oriented  layers  on  sapphire  and  platinum  substrates. 
Data  are  reported  for  the  electrical  and  optical  properties  of  the  layers.  In  Edition  to  stoichiometric  lithium 
niobate  layers,  Ti:LiNb03  was  prepared  by  the  addition  of  titanium  alkoxides  to  the  solutions.  Optical  data 
are  presented  for  the  Ti:LiNb03  layers  as  a  function  of  titanium  content. 

1.  INTRODUCTION 

Lithium  niobate  has  received  considerable  attention  for  optical  or  microelectronic  applications  because  of 
its  field-responsive  characteristics.  Device  applications  have  focussed  on  optic  and  acoustic  properties. 
Typically,  devices  are  fabricated  from  single  crystals  of  lithium  niobate  grown  from  the  melt.  Lithium 
niobate  exists  in  a  continuous  solid  solution  range  between  45-50  %  Li20  (i.e.,  lithium  deficient)  at 
elevated  temperatures.  However,  due  to  incongruent  melting  of  the  stoichiometric  material,  compositional 
inhomogeneities  can  result,  resulting  in  property  variations  throughout  melt-grown  crystals.  In  order  to 
prepare  more  uniform  samples,  a  lithium  deficient  (48.6  %  Li20),  but  congruently  melting  composition  is 
commonly  used.  Furthermore,  it  has  been  shown  that  many  properties  are  strongly  dependent  on  lithium 
content.  For  example,  the  maximum  negative  birefringence  (important  for  phase  matching)  is  obtained 
from  stoichiometric  lithium  niobate  (50  %  Li20),*  Thus,  so  as  to  allow  for  device  optimization,  a 
processing  method  suitable  for  a  range  of  lithium  contents  at  reduced  temperatures  would  be  desirable. 

Optical  waveguides  have  typically  been  fabricated  from  lithium  niobate,  using:  (i)  titanium  in-diffusion,  (ii) 
lithium  out-diffusion,  or  (iii)  proton  exchange  to  increase  the  refractive  index  in  a  channel  pattern  or 
surface  layer.  A  common  feature  of  these  methods  is  a  standard  diffusion  profile  for  the  waveguiding 
region.  Enhanced  optical  containment  can  be  achieved  by  a  refractive  index  step-profile,  if  the  step  is 
large.  Titanium  in-diffusion  is  the  most  used  and  well  characterized  method.  In  this  process,  a  strip  of 
titanium  is  evaporated  and  then  heated  (~1000  °C)  to  facilitate  diffusion  into  lithium  niobate.  A  typical 
problem,  however,  is  concurrent  out-diffusion  of  lithium  which  can  create  a  planar  waveguide  in  addition 
to  the  desired  channel  guide. Furthermore,  the  elevated  processing  temperatures  are  not  compatible 
with  integrated  optical  technologies.  Therefore,  a  reduction  in  processing  temperatures  and  alternate 
methods  of  forming  a  waveguide  region  are  needed. 


Recently,  lithium  niobate  thin  films  have  received  interest  for  integrated  optical  applications  in  which  a 
waveguide  can  be  formed  by  depositing  lithium  niobate  on  a  substrate  of  a  lower  refractive  index. 
LiNb03,  LiTa03,  and  sapphire  have  been  the  substrates  most  widely  investigated^  *^  based  on  their 
transparency  and  crystallographic  similarity  to  LiNb03.  Liquid  phase  epitaxy-^  and  epitaxial  growth  by 
melting^  have  been  reported  for  the  preparation  of  lithium  niobate  films  from  the  melt.  These  methods 
were  shown  to  produce  optical  waveguides;  however,  the  congruently  melting,  nonstoichiometric 
composition  was  required,  as  discussed  previously.  Furthermore,  substrate  selection  was  limited  to  those 
materials  which  could  withstand  fhe  melt  temperatures.  Rf  sputtering*’  *^  and  molecular  beam  epitaxy’® 
have  also  been  used  for  the  deposition  of  lithium  niobate  layers.  Unfortunately,  compositional  control  was 
difficult  due  to  preferential  sputtering  rates  and  sticking  coefficients.  Samples  prepared  by  these  methods 
also  had  secondary  phases  (e.g.,  LiNb30x  and  Li3Nb04)  which  degraded  the  optical  properties. 
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A  key  issue  in  film  formation  is  epitaxial  growth  which  can  control  the  film  properties.  Lithium  niobate  is 
an  acentric  material,  therefore,  properties  depend  on  the  crystallographic  orientation.  For  example,  the 
dielectric  constant  in  the  a-direction  (~78)  is  greater  than  in  the  c-direction  (~28)'*,  furthermore,  the  largest 
electrooptic  coefficient  is  r33,  corresponding  to  the  c-axis  of  lithium  niobate.  To  make  use  of  the  optimum 
properties  for  a  specific  application,  preferential  orientation  of  the  film  would  be  desired.  Proper  selection 
of  the  substrate  material  is  known  to  influence  the  growth  of  deposited  layers.  Therefore,  crystallographic 
relations  between  lithium  niobate  and  a  potential  substrate  material  are  of  interest. 

Sol-gel  processing  may  allow  stoichiometry  control  through  additions  of  lithium  and  niobium  alkoxides  of 
known  concentration.  Furthermore,  liquid  mixing  can  also  facilitate  the  preparation  of  homogeneous 
materials.  As-deposited  layers  may  be  crystallized  at  temperatures  greatly  reduced  from  melt  temperatures, 
thereby,  avoiding  evaporation  and  incongruent  melting  problems.  In  addition,  grain-orientation  has  been 
reported  to  occur  in  sol-gel  derived  layers  that  have  been  deposited  on  sapphire  and  platinum. ^2-14 
report  now  on  a  sol-gel  processing  method  for  the  preparation  of  homogeneous,  single-phase  lithium 
niobate  layers  deposited  on  a  variety  of  substrate  materials.  The  process  has  been  demonstrated  to  allow 
purification  and  stoichiometry  control  through  use  of  a  precursor  alkoxide  containing  a  fixed 
lithiumrniobium  cation  ratio.  Furtheimore,  a  solution-based  process  has  been  developed  for  the 
formation  of  titanium-doped  lithium  niobate  layers. 

2.  EXPERIMENTAL  METHODOLOGY 

2.1  Solutions 

Alkoxide  solutions  of  lithium  niobium  ethoxide,  LiNb(OCH2CH3)6,  and  lithium  niobium 
methoxyethoxide,  LiNb(0CH2CH20CH3)6,  were  prepared  in  ethanol*  or  2-methoxyethanol,'^ 
respectively,  as  indicated  in  Figure  1.  Lithium  alkoxides  were  synthesized  by  direct  addition  of  lithium 
metal  to  alcohol.  Niobium  ethoxide**  was  obtained  commercially.  Niobium  methoxyethoxide  was 
formed  by  an  alcohol  exchange  reaction  by  distillation  of  a  solution  of  niobium  ethoxide  in  2- 
methoxyethanol.  Lithium  and  niobium  alkoxide  solutions  were  mixed  and  concentrated,  through 
distillation,  to  give  1.0  M  lithium  niobium  methoxyethoxide  or  0.8  M  lithium  niobium  ethoxide  stock 
solutions. 

Stock  solutions  were  subsequently  diluted  with  alcoholic  solutions  of  water  and  titanium  alkoxide  to  give 
either  0.25  M  or  0.5  M  precursor  solutions  with  1  mole  H20/mole  Nb.  Titanium  ethoxide^  was  obtained 
commercially  and,  as  in  the  case  of  niobium  alkoxides,  converted  to  titanium  methoxyethoxide  by  solvent 
exchange.  Titanium  dopant  concentrations  of  0-1  mole  %/mole  Nb  were  investigated.  Solutions  so 
prepared  were  stable  over  a  period  of  several  months  and  were  used  for  the  deposition  of  lithium  niobate 
layers  by  spin-casting  methods. 

2.2  Deposition  of  layers 

Layers  were  deposited  on  (KXl)  silicon,  ((X)l)  sapphire  or  polycrystalline  platinum  substrates  as  outlined 
in  Figure  2.  Multiple  depositions  allowed  for  an  increase  in  overall  thickness.  The  substrates  were  first 
cleaned  ultrasonically  in  deionized  water,  trichloroethylene,  acetone,  and  isopropyl  alcohol.  They  also 
received  a  final  wash  in  ethanol  or  2-methoxyethanol,  as  appropriate,  prior  to  deposition.  Solutions  were 
deposited  onto  the  substrates  using  a  photo-resist  spinner^'*^  at  2(XX)  rpm.  After  deposition  on  silicon,  each 
layer  received  a  300  °C  heat-treatment  to  yield  an  amorphous  oxide.  The  amorphous  material  was  then 
cry  stallized  by  a  single  heat-treatment,  after  the  final  thickness  was  obtained.  Samples  were  heat-treated  in 
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Figure  1.  Synthesis  of  LiNb03  and  Ti:LiNb03  Figure  2.  Deposition  procedure  for  the  formation 
alkoxide  solutions.  of  lithium  niobate  thin-layers. 


air  at  650  °C  for  1  hour  using  either  (i)  a  rapid  heating  process  (RHP),  i.e.,  insertion  into  a  preheated  box 
furnace  or  (ii)  a  10  °C/min  heating  rate. 

A  modified  heat -treatment  procedure,  i.e.,  an  alternate  pathway,  is  indicated  in  Figure  2  for  the  enhanced 
adhesion  of  layers  on  platinum  or  sapphire.  Based  on  the  results  for  microstructure  development  on 
silicon,  RHP  was  used  to  densify  layers  on  platinum  and  sapphire.  After  the  initial  deposition,  the  layer 
was  heat-treated  at  300  °C,  as  in  the  silicon  case.  However,  the  amorphous  layer  was  then  ciystallized  in 
air  at  650  °C  using  RHP  for  1  hour.  After  crystallization,  two  additional  layers  were  deposited  with  300 
°C  heat-treatments.  Crystallization  was  then  carried  out  at  650  °C,  and  the  process  repeated  for  successive 
depositions.  The  cycle,  crystallization  after  every  second  deposition,  was  continued  until  the  desired 
thickness  was  reached. 

2.3  Characterization  techniques 

The  refractive  index  of  the  layers  was  investigated  by  ellipsometric*  methods.  The  effects  of  various 
titanium  dopant  levels,  final  heat-treatment  temperatures,  and  number  of  depositions  were  studied.  Fourier 
transform  infrared  (FTIR)  spectra  were  obtained  for  layers  deposited  on  platinum  using  an  IBM  lR/32  in  a 
diffuse  reflectance  mode.'*' 

Electrical  property  measurements  (dielectric  constant,  loss  tangent)  were  obtained  for  ethanol-derived 
(0.25  M  with  1  mole  H20/Nb)  lithium  niobate  layers  deposited  on  platinum  substrates.  Platinum  served 
as  both  a  support  and  a  bottom  electrode.  Counter  electrodes  were  deposited  by  evaporation  of  aluminum 
through  a  shadow  mask  (0.02  x  0.02  cm).  Ag,  Pt  and  Au  electrode  materials  were  also  investigated. 
Dielectric  measurements  were  made  from  1  kHz- 1  MHz  on  a  Hewlett-Packard  4192A  low  frequency 
impedance  analyzer. 
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3.  RKSULTS  AM)  DISCI'-SSION 


3.1  Microstructure  evolution  and  x-rav  analvsis 


Microstructures  for  lithium  niobate  samples  prepared  by  (i)  RHP  or  by  (ii)  10  C/min  are  compared  in 
Figure  3.  For  identical  temperatures  and  time,  the  faster  heating  rate  gave  denser  layers  with  a  larger 
average  grain  size  (-0.5  |im  compared  with  0. 1-0.2  pm).  This  effect  was  attributed  to  RHP  rapidly 
heating  the  samples  through  the  nucleation  zone,  and  directly  into  the  growth  regime.  Thus,  fewer  nuclei 
were  produced  which  could  grow  larger  before  impinging  on  neighboring  grains. 


Figure  3.  Microstucture  of  lithium  niobate  thin-layers  heat-treated  by  (a)  RHP  or  (b)  at  10  °Cymin. 
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X-ray  diffraction  patterns  for  lithium  niobate  layers  deposited  on  silicon  and  platinum  are  given  in  Figure 
4,  It  should  be  noted  that  in  powder  patterns,  the  (006)  diffraction  peak  is  of  minor  intensity  (4%),  and 
the  major  diffraction  peak  is  from  (012).*^  Thus,  the  grains  appear  to  be  randomly  oriented  on  the  silicon 
substrate.  By  contrast,  formation  of  LiNbOs  with  a  preferred  alignment  (006)  was  noted  on  platinum. 


The  preferred  alignment  was  investigated  further  by  x-ray  rocking  curve  measurements.  Although  the 
platinum  substrate  was  polycrystalline,  the  alignment  of  (006)  LiNbOs  was  consistent  with  (111) 
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Figure  5.  X-ray  rockir.^  curves  for  (a)  Pt(  1  1 1 ), 

(b)  LiNb03  (006)  on  platinum,  and 

(c)  LiNb03  on  sapphire. 


Titanium  content  (mole  %) 


Figure  6.  Refractive  index  for  lithium-  niobate 
layers  as  a  function  of  (a)  RHP  heat- 
treatment  temperature,  'b)  number  of 
depositions,  and  (c)  Ti  concentration. 
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Wavenumber  (cm '') 

Figure  7.  FTIR-diffuse  refectance  spectra  of  lithium  niobate  layers  on  platinum. 

platinum.  A  rocking  curve  for  (111)  Pt  is  given  in  Figure  5a.  The  curve  indicates  there  was  some 
alignment,  but  the  relatively  high  intensity  levels  at  the  extreme  values  through  which  0  was  scanned 
suggests  that  (111)  Pt  alignment  was  limited.  However,  for  LiNbOs  deposited  on  Pt  there  was 
considerably  more  alignment  of  (006)  LiNb03.  Figure  5b  indicates  a  peak  width  at  half  peak  height  of 
5.5°  0  for  LiNbOs  on  Pt.  Therefore,  most  of  the  grains  were  aligned  with  their  c-axes  within  3°  to  the 
normal  of  the  Pt  substrate. 

An  even  higher  degree  of  preferred  orientation  was  obtained  for  (006)  LiNb03  on  (001)  sapphire.  A 
rocking  curve  is  given  in  Figure  5c,  where  the  peak  width  at  half  peak  height  was  1  °0  for  LiNb03  on 
single  crystal  Al2^.  The  beam  width  was  collimated  with  a  0.05°  aperture. 

3.2  Optical  properties 

Figure  6a  shows  the  refractive  index  for  layers  deposited  on  silicon  as  a  function  of  final  heat-treatment 
temperature.  A  refractive  index  of  approximately  1.95  was  obtained  for  amorphous  material  (heat-treated 
at  <  400  °C)  which  increased  to  2.05  upon  crystallization  at  650  °C.  The  values  of  refractive  index  for 
single  crystal  lithium  niobate  are  ng  =  2.29  and  ng  =  2.20  at  ^=0.6328  pm.’^  The  lower  values  measured 
(-2.05)  were  attributed  residual  porosity  and  dilution  effects.  A  refractive  index  as  high  as  2.22  could  be 
achieved  by  RHP  at  650  °C  and  through  use  of  ammonium  hydroxide  additions  for  some  samples  (Note: 
nitric  acid  additions  resulted  in  porous  microstructures and  had  a  measured  refractive  index  of  1.90).  It 
can  be  seen  from  Figure  6b  that  the  refractive  index  was  effectively  independent  of  the  number  of 
depositions  (after  the  first  one),  indicating  no  interfacial  scattering  between  layers.  Layers  formed  by  only 
one  deposition  were  found  to  be  more  difficult  to  crystallize,  requiring  longer  time  at  similar  temperatures. 
Since  all  samples  received  identical  heat-treatments,  the  lower  values  of  refractive  index  for  a  one 
deposition  coating  was  attributed  to  a  lower  degree  of  crystallinity. 

A  typical  advantage  tauted  for  chemical  processing  is  the  ability  to  uniformly  distribute  dopants  at  the 
molecular  level.  Figure  6c  indicates  the  effect  of  titanium  concentration  on  refractive  index.  The  refractive 
index  increased  with  titanium  content,  as  expected  from  in-diffused  Ti;LiNb03.  Note,  the  refractive  index 
increase  was  accomplished  without  the  need  of  a  high  temperature  diffusion  step.  Furthermore,  the 
process  may  allow  tailoring  of  more  complex  profiles. 
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Figure  8.  Dielectric  data  for  a  lithium  niobate  layer  on  platinum. 


Infrared  spectra  for  layers  on  platinum  are  shown  in  Figure  7.  Undoped,  stoichiometric  LiNb03  had  an 
IR  window  of  approximately  100  %  transmittance  between  1000  and  3200  cm‘*.  The  absorption  band  at 
2340  cm'l  was  associated  with  CO2,  (probably  from  the  atmosphere).  The  band  at  577  cm'>  increased  in 
intensity  wit'  titanium  content  and  may  allow  for  the  calibration  of  titanium  distribution.  In  addition,  the 
hydroxyl  band  at  -4200  cm'l  shifted  to  lower  wavenumbers  with  increasing  titanium  additions.  This  shift 
is  thought  to  be  an  artifact  of  the  analytical  technique  and  may  result  from  specular  reflectance  in  addition 
to  diffuse  reflectance.*^  Diffuse  reflectance  is  primarily  a  scattering  technique,  and  hence,  sensitive  to  the 
topography  of  the  specimen  surface.  Specular  reflectance,  on  the  other  hand,  occurs  from  a  flat  reflective 
surface.  Infrared  radiation  transmitted  through  the  sample  may  be  specularly  reflected  from  the  platinum 
substrate.  Therefore,  specular  reflectance  will  depend  on  the  sample's  refractive  index  (i.e.,  optical 
pathlength)  which  is  altered  by  titanium  additions.  Specular  reflectance  is  manifested  primarily  for  high 
energy  radiation  and  observed  at  higher  wavenumbers. 

3.3  Hlectrical  properties 

Dielectric  data  are  given  in  Figure  8  for  LiNb03  on  polycrystalline  Pt.  The  calculated  value  of  dielectric 
constant  (K)  was  approximately  22  between  IkHz  and  IMHz,  with  tan  5  =  0.005  at  IMHz  Single  crystal 
values  for  K33  are  27-28.  The  lower  than  expected  value  in  grain-oriented  LiNb03  can  be  attributed  to 
incomplete  crystallization  and  some  residual  nano-porosity.  Additional  measurements  indicated  no 
thickness  dependence  on  dielectric  constant  for  layers  between  0.15  and  0.70  pm.  Use  of  eleetrodes  other 
than  aluminum  tended  to  give  higher  values  of  tan  6  at  lower  frequencies.  Tan  5  also  increased  at 
temperatures  above  200  °C  which  was  attributed  to  conductivity  effects.  The  dielectric  constant  at  2(X)  °C 
and  IMHz  was  26.  Several  samples  were  also  prepared  on  platinum  using  a  shorter  heat-treatment 
schedule  and  were  tound  to  be  minimally  grain-oriented.  A  dielectric  constant  of  approximately  38  at 
1  MHz  was  determined,  indicating  a  gieater  contribution  from  K]  ]  (78)  in  the  less  aligned  material. 

4.  SUMMARY 

Alkoxide  processing  was  u.sed  for  the  synthesis  of  lithium  niobate  thin-layers  for  possible  optical 
applications.  Solutions  of  stoichiometriv  lithium  niobate  and  titanium-doped  lithium  niobate  were 
prepared.  Ethanol  and  2-methoxyethanol  solvent  systems  were  found  suitable  for  the  deposition  of  layers. 
Grain  oriented  ((X)6)  lithium  niobate  was  obtained  on  sapphire  ((X)l )  and  polycrystalline  platinum.  Layers 
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on  platinum  exhibited  grain  orientation  with  values  of  dielectric  constant  and  loss  tangent  of  22  and  ().(K)5, 
respectively  at  25  °C  and  1  MHz.  Refractive  index  was  observed  to  increase  with  degree  of  crystallinity 
(1.93-2.05)  and  increasing  Ti  content  (2.05-2.12’).  Kssentially  no  variation  in  refractive  index  was 
observed  as  a  function  of  multiple  depositions  (i.e.,  increasing  thickness).  Infrared  spectra  showed  an 
absorbance  band  at  ~57()  cm-1  which  increased  with  increasing  titanium  content.  Idthium  niobate  layers 
were  found  to  be  highly  transmitting  from  lO(K)  to  3200  cm"'.  I^inally,  a  solution-based,  reduced 
temperature  processing  method  was  developed  for  the  preparation  of  Ti:LiNbOt  layers  on  a  variety  of 
substrate  materials. 
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